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ABSTRACT
This dissertation has been directed at transferring the superb dynamics and
machine-like properties observed for mechanically interlocked molecules (MIMs) in
solution, into crystalline metal-organic frameworks (MOFs). Chapter 1 gives a brief
introduction to MIMs and outlines all previous work towards incorporation of rotaxane
linkers into metal-organic frameworks.
Chapter 2 describes how a paradigm shift in the development of such systems
resulted in a robust rotaxane linker that was used to create a novel material, UWDM-1
(University of Windsor Dynamic Material), which for the first time, exhibited dynamic
motion related to the wheel component of a MIM inside a solid state material. Analysis via
variable temperature 2H SSNMR proved that a dense array of soft [24]crown-6 macrocycles
were able to rapidly rotate and sample multiple conformations while mechanically linked to
the rigid metal-organic framework.
In Chapter 3, a series of MIM linkers were synthesized utilizing the same aniliniumbased axle with different sized macrocyclic rings, 22C6, 24C6, and B24C6. Ultimately, an
isomorphous series of MIM in MOF materials was able to be created (UWDM-1(22), UWDM1(24), and UWDM-1(B24)) in which the macrocyclic rings within each material exhibited
different degrees of motion.
In Chapter 4, a new MIM linker was developed and successfully implemented into
robust MIM-pillared MOFs UWDM-2 and α-UWDM-3. A reversible phase change in
α-UWDM-3 to β-UWDM-3 demonstrated for the first time that the dynamic motion of a
macrocyclic wheel component of a MIM inside a MOF can be controlled by an external
perturbation; in this case via a reversible phase change of the material.
In Chapter 5, a series of rigid benzo-bis-imidazolium based [2]rotaxane shuttles
were synthesized. Acid base experiments indicated that the MIMs were also able to function
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as chemically stable colorimetric or fluorescent switches for future incorporation into
metal-organic frameworks.
In Chapter 6, mechanically interlocking a 24-membered macrocycle around a linker
allows synthesis of a previously unattainable MOF, UWCM-2. Subsequent removal of the
macrocycles by post-synthetic modification utilizing Grubbs-Hoveyda II catalyst generates a
potentially high porosity MOF not accessible by any other synthetic protocol, other than
Reversible Mechanical Protection (RMP).
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CHAPTER 1
1.1 Mechanically Interlocked Molecules
1.1.1

Introduction
The design and synthesis of innovative mechanically interlocked molecules (MIMs)

has created many nanoscale representations of common macroscopic objects[1]. In contrast
to their macroscopic counterparts, these molecular-based systems are in a constant state of
flux due to Brownian motion[2], resulting from the random movement of particles at the
molecular level. Fortunately, the addition of a physical input can change the amount of
energy required for a molecule to occupy a certain molecular state which allows for control
of the relative movement of the interlocked components. The ability to influence the relative
positon and orientation of these individual components by thermal, chemical,
electrochemical, or photochemical inputs allows mechanically interlocked molecules to
function as molecular rotors[3-5], advanced molecular switches[6-10], and sophisticated
molecular machines[11-16].

1.1.2

Interpenetrated [2]Pseudorotaxane Molecules
A [2]pseudorotaxane is the host-guest complex formed between a linear molecule,

referred to as the axle, and a macrocyclic ring, referred to as the wheel, while the prefix [2]
indicates the number of molecular components constituting the complex (Figure 1.1.1).

Figure 1.1.1 – Representation of a [2]pseudorotaxane complex in equilibrium with its
constituent components, a linear axle and a macrocyclic ring.
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The complexation of the two components is driven by favorable non-covalent interactions
between the two molecules, such as, hydrogen bonding, electrostatic interactions, πstacking, hydrophobic interactions, and metal coordination. The equilibrium between a
[2]pseudorotaxane complex and its constituent components is what defines it as an
interpenetrated molecule, instead of an interlocked molecule. To date, numerous examples
of [2]pseudorotaxanes have been reported in the literature[17], including very recent
sophisticated examples which exhibit unidirectional, relative, translation motion, fueled by
light[18, 19]. Integration of these unidirectional systems into more sophisticated assemblies
may allow for a method of capturing and storing molecules away from equilibrium, similar
to biological systems which use molecular pumps to create potential differences across
membranes to fuel other molecular assemblies inside living cells.

1.1.3

Mechanically Interlocked [2]Rotaxane Molecules
A [2]rotaxane is a mechanically interlocked molecule consisting of two components:

a macrocyclic ring, and a linear axle, very similar to a [2]pseudorotaxane. The key difference
is that a [2]rotaxane has bulky end groups on the axle which prevent the macrocyclic ring
from sliding off the axle. A [2]rotaxane is not in equilibrium with its constituent
components; it is permanently interlocked, and while there are no covalent bonds holding
the two components together, a covalent bond in one of the components would have to be
broken in order to separate the two entities[20]. The preparation of a [2]rotaxane can be
accomplished by two main synthetic routes: 1) capping of the terminal ends of a
[2]pseudorotaxane complex with bulky end groups, or 2) clipping of an open macrocycle
around an axle which already has bulky terminal groups, also referred to as a dumbbell.
Analysis of [2]rotaxane molecules in the literature has shown that it is possible to detect[4]
and in some cases control[5, 21] the rotation of the macrocyclic component about the linear
2
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axle, Figure 1.1.2. Furthermore, other examples have shown that it is possible to influence
the relative positon and orientation of the macrocyclic wheel relative to the axle, thereby
creating a molecular switch[6, 22, 23], Figure 1.1.2.

Figure 1.1.2 – Representation of a [2]rotaxane, undergoing macrocyclic rotation (left) and
relative reorientation/switching of its macrocyclic component (right).
1.1.4

Molecular Shuttles, Switches and Molecular Machines
A [2]rotaxane molecular shuttle is created when an axle contains two recognition

sites which the macrocyclic ring can occupy. This adds a further level of complexity
compared to [2]rotaxanes with a single recognition site, as now the ring can undergo
translation along the axle between the two recognition sites. If the two recognition sites on
the axle have identical binding affinities for the macrocycle, a degenerate molecular shuttle
is created in which the ring spends equal amounts of time around both sites[24-27]. However,
if the two sites have very different binding affinities, the ring will spend the majority of its
time at a single site, referred to as its resting or S=0 state. Application of an external
stimulus can then change the binding affinity to be stronger at the second site, causing the
ring to shuttle and occupy a new molecular state S=1, Figure 1.1.3. This type of [2]rotaxane
molecular shuttle is referred to as a bistable molecular shuttle[28, 29], as reversing the effects
of the external stimulus causes the ring to revert to its resting state, completing the cycle.
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Figure 1.1.3 – Representation of a bistable [2]rotaxane molecular shuttle, undergoing
translation of its macrocyclic component between two different recognition sites, creating two
distinct molecular states.
Some very sophisticated examples in the literature have shown that bistable molecular
shuttles can be utilized as molecular nanovalves on mesoporous silica nanoparticles[30-33]
for drug delivery applications and as molecular switches on surfaces for molecular-based
memory devices[34, 35]. Furthermore, a select few examples in the literature have shown that
mechanically interlocked systems can be utilized to create artificial molecular machines,
capable of unidirectional motion[13, 14, 36] and performing work such as the synthesis of
sequence-specific peptides[16].

1.1.5

Metal-Organic Frameworks
Metal-organic frameworks (MOFs) are materials consisting of metal ions

coordinated to organic linkers, which form one-, two-, or three-periodic structures that can
be very porous[37-40]. These materials have been shown to have numerous potential
applications in gas storage[41], chemical separations[39,

42],

molecular sensing[43,

44],

heterogeneous catalysis[45], drug delivery[46, 47], etc[48]. The highly organized and crystalline
nature of metal-organic frameworks coupled with their high potential porosity, also makes
them an ideal material for the incorporation, analysis, and function of mechanically
interlocked molecules. Scheme 1.1.1 shows how a simple organic linker can be replaced by a

4
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[2]pseudorotaxane linker to form one-, two-, or three-periodic structures with interlocked
molecules.

Scheme 1.1.1 - Schematic diagram showing a linear axle and macrocyclic wheel in
equilibrium with a [2]pseudorotaxane linker with external coordinating groups that can link
to metal ions to form one-, two-, or three-periodic metal-organic frameworks.

In solution, interlocked molecules are randomly dispersed, and in order to take
better advantage of their switching or machine-like properties, they need to be
incorporated and organized into some type of solid state material with enough space to still
operate. Metal-organic frameworks offer a potential platform for the incorporation and
function of sophisticated molecular switches, and ultimately, molecular machines.
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1.2 Polyrotaxane Metal-Organic Frameworks
1.2.1

Introduction
This section describes recent progress on the design, preparation and solid-state

structures of metal-organic frameworks (MOFs)[38,

48-53]

which contain a mechanically

interlocked molecule (MIM)[1, 20, 54-57], in the form of a rotaxane, as the linker. The idea of
incorporating ligands with interpenetrated components into the framework of a solid-state
material is motivated by the intriguing concept of transferring the beautiful dynamics and
machine-like properties observed for MIM systems in solution[3, 4, 11, 29, 58] into the organized
and coherent world of crystalline solids.[59] Although, the dream of mimicking such motion
in the solid-state is only just starting to be realized[60], a look back at the development of
such materials[17, 61, 62] offers the casual reader and those new to the area, insight into the
design process and, hopefully, a glimpse of the future potential of materials that display
robust dynamics.[63]
These materials have previously been described by several names – e.g. metalorganic rotaxane framework (MORF)[64] or rotaxane coordination polymer (RCP)[17]; herein
we use the more general term polyrotaxane framework (PRF). This work is arbitrarily
divided into sections based on the rotaxane utilized as the linker for the PRF material and
follows somewhat the historical timeline involved in their development. For each example,
we have attempted to describe i) the conditions required to prepare the material, ii) the
important details of the solid-state structure, including crystal symmetry and space group,
iii) any experiments used to study the physical properties of the material including possible
dynamics in the solid-state and iv) where appropriate, the thought process behind the
design of a particular material.
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1.2.2

Polyrotaxane Frameworks Containing Cucurbit[6]uril Wheels
Cucurbiturils are an interesting family of macrocycles, consisting of glycoluril units

linked together by methylene spacers. The result is a macrocyclic host with a very
hydrophobic interior and an electron rich outer rim of carbonyl oxygen atoms which can
participate

in

hydrogen-bonding

and

ion-dipole

interactions.

Cucurbiturils

are

distinguished by the number of glycoluril units within the macrocycle; this is reflected by
using a number in brackets to designate the number of glycoluril units i.e. cucurbit[6]uril is
abbreviated to CB[6]. All of the PRFs containing cucurbituril in this review utilize CB[6] as it
forms a strong host-guest interaction with diaminoalkane-based axles (Figure 1).

Figure 1.2.1 - Line drawing of cucurbit[6]uril.
The axle-wheel interaction is so strong that one can actually isolate a
[2]pseudorotaxane linker prior to PRF formation. This was accomplished by mixing one
equivalent of N,N'-bis(4-pyridylmethyl)-1,4-diaminobutane dihydronitrate, 1(NO3)2, and
excess CB[6] in H2O and allowing the mixture to stir overnight. Afterwards, undissolved
CB[6] could be filtered off while 1H NMR spectroscopy of the filtrate in D2O clearly exhibited
the clean formation of the [2]pseudorotaxane [1CB[6]]2+ (Figure 2a). This filtrate was
then placed in a diffusion tube and a solution of silver tosylate in MeOH was layered on top.
After a week, colorless crystals of PRF-1 with formula [Ag(1CB[6])][C7H7SO3]3·(H2O)11
were obtained.[65] PRF-1 forms a linear, one-periodic framework consisting of AgI metal
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ions and [1CB[6]]2+ linkers and crystallizes in the triclinic space group P ̅ . Each AgI centre
is coordinated by two pyridyl groups of the rotaxane linker in a trans geometry (Figure 2b)
to form a straight chain framework with a metal···metal distance of 20.2 Å between
subunits (Figure 2c). Non-coordinating tosylate counterions and residual solvent molecules
(H2O) fill the voids remaining between aggregated chains in the framework.

Figure 1.2.2 - a) [2]Pseudorotaxane linker [1CB[6]]2+ used to form PRF-1 and PRF-2; b)
coordination environment of AgI center in PRF-1; c) X-ray structure of the linear one-periodic
framework of PRF-1; d) coordination environment of AgI center in PRF-2; e) X-ray structure of
the hexagonal two-periodic framework of PRF-2.
Alternatively, one can increase the periodicity of the framework by using the same
reaction conditions and changing the metal salt to silver nitrate. This resulted in formation
of colorless, plate-like crystals of PRF-2 with formula [Ag(NO3)(1CB[6])1.5][NO3]2·(H2O)20
after one week.[65] PRF-2 crystallizes in the orthorhombic space group Cmca and forms a
two-periodic framework consisting of hexagonal nets of [1CB[6]]2+ linkers and AgI metal
ions. Each AgI ion is coordinated to three [1CB[6]]2+ linkers and a single disordered nitrate
ion to form a distorted tetrahedral geometry about the metal center (Figure 2d). The
hexagon within the framework has an average side length of 20.9 Å and a distance of 38.0 Å
from opposite corners of the hexagon (Figure 2e). The two-periodic nets are stacked with
8
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an interlayer spacing of 9.9 Å and are also interpenetrated with another two-periodic net.
The interlocking nets are positioned almost perpendicular to each other eliminating the
large cavities that would have remained in the center of the hexagons. The remaining voids
within the framework are filled with solvent (H2O) and non-coordinated nitrate
counterions.

Figure 1.2.3 - a) [2]Pseudorotaxane linker [2CB[6]]2+ used to form PRF-3 and PRF-4; b)
coordination environment of CoII center in PRF-3; c) X-ray structure of the zigzag oneperiodic framework of PRF-3; d) coordination environment of CuII center in PRF-4; e) X-ray
structure of the distorted square grid, two-periodic framework of PRF-4.
One can also modify the terminal coordinating groups on the axle and the type of
metal used to obtain different structural frameworks. Adding a slight excess of CB[6] to an
aqueous solution of N,N'-bis(3-pyridylmethyl)-1,4-diaminobutane dihydronitrate, 2(NO3)2,
and stirring for three h under ambient conditions followed by filtering off undissolved
CB[6] allowed for formation of the [2]pseudorotaxane [2CB[6]]2+ (Figure 3a). The
[2]pseudorotaxane was then isolated by reducing the volume of the solution via
evaporation under vacuum, followed by addition of ethanol. PRF-3 was obtained by placing
an aqueous solution of Co(NO3)2 in a diffusion tube to which an aqueous solution of
9
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[2CB[6]][NO3]2 was

layered

on

top

to

produce

red

crystals

with

formula

[Co(H2O)4(2CB[6])][NO3]4·(H2O)12.[66] PRF-3 crystallized in the triclinic space group P ̅
and forms a one-periodic framework consisting of CoII metal ions and [2CB[6]]2+ linkers
with alternating metal···metal distances of 16.9 and 17.1 Å respectively. Each CoII atom in
the framework adopts an octahedral geometry with two pyridyl groups binding in a cis
arrangement, while the remaining sites are occupied by four coordinated H2O molecules
(Figure 3b). The cis coordination of the terminal pyridyl groups on the metal center results
in an abrupt change in direction leading to a zigzag conformation of the one-periodic
framework (Figure 3c). The few voids in the structure are filled by H2O molecules and noncoordinated nitrate anions.
The periodicity of the PRF formed by this linker can also be changed by simply using
a different transition metal. Employing Cu(NO3)2 instead of Co(NO3)2 under the same
reaction conditions resulted in blue crystals of PRF-4 with formula [Cu(H2O)(2CB[6])2]
[NO3]6·(H2O)22.5.[66] PRF-4 crystallized in the tetragonal space group P4/n and forms a
two-periodic framework consisting of CuII metal ions and [2CB[6]]2+ linkers. Each CuII
center within the framework adopts a distorted square pyramidal geometry with four
pyridyl groups occupying the equatorial positions, while the axial position is occupied by a
H2O molecule (Figure 3d). The framework consists of non-interpenetrated, square grids
with a metal···metal distance of 17.8 Å between rotaxane units (Figure 3e). The twoperiodic grids are layered and highly undulating resulting in an interlayer spacing of 14.1 Å
between layers. The remaining voids at the center of the grids are filled with twenty-two
H2O molecules and six non-coordinated nitrate anions per asymmetric unit.
By retaining the terminal 3-pyridylmethyl groups on the axle and extending the
length of the internal alkyl chain to five carbons instead of four, one increases the flexibility
of the ligand. This flexibility allows for the formation of a helical framework and shows how
10
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one can impart axial chirality into PRFs with achiral rotaxane linkers. Utilizing N,N'-bis(3pyridylmethyl)-1,4- diaminopentane dihydronitrate, 3(NO3)2, and similar reaction
conditions to that used to make PRF-1, diffusion of silver nitrate into a solution of
[3CB[6]][NO3]2

resulted

in

colorless,

crystals

of

PRF-5

with

formula

[Ag(3CB[6])][NO3]3·(H2O)x.[67] PRF-5 crystallized in monoclinic space group P21/n and
formed a one-periodic framework consisting of AgI metal ions and [3CB[6]]2+ linkers
(Figure 4a).

Figure 1.2.4 - a) [2]Pseudorotaxane linker [3CB[6]]2+ used to form PRF-5; b) coordination
environment of AgI center in PRF-5; c) X-ray structure of the helical one-periodic framework of
PRF-5.
Each AgI center is coordinated by two pyridyl groups (Figure 4b) in a trans geometry with a
more co-planar arrangement of the pyridyl rings when compared to the metal ligand
fragment of PRF-1. The use of the longer diaminopentane axle and 3-pridylmethyl terminal
groups resulted in a one-periodic helical framework (Figure 4c) as opposed to a linear or
zigzag structure as in PRF-1 and PRF-3. Each turn of the helix consists of two [3CB[6]]2+
linkers and two AgI ions with a metal···metal distance of 13.9 Å, with the helix propagating
down the b-axis of the crystal with a pitch of 17.9 Å. It should be noted that PRF-5 consists
of both right- and left-handed helices within the material resulting in racemic crystals. The
remaining voids in the structure are filled by H2O molecules and non-coordinated nitrate
anions.
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In an effort to increase the periodicity of the PRF, Kim and coworkers altered their
approach to utilize highly charged TbIII metal centers and modified the original
1,4-diaminobutane based axle to possess terminal 3-carboxybenzyl groups. This resulted in
the first three-periodic PRF reported in the literature. To accomplish this, a slight excess of
CB[6]

was

added

to

a

solution

of

N,N'-bis(3-cyanobenzyl)-1,4-diaminobutane

dihydronitrate in H2O and the solution refluxed for two h, after which undissolved CB[6]
was filtered off and the desired [2]pseudorotaxane isolated by evaporation and
precipitation with ethanol. One equivalent of the [2]pseudorotaxane was then suspended in
H2O and placed in a stainless-steel bomb with 4.3 equivalents of Tb(NO3)3·5(H2O) and ~0.1
equivalent of triethylamine. The bomb was subsequently sealed and heated to 150 °C for 3
days followed by slow cooling to room temperature after which large colorless crystals of
PRF-6

with

formula

[Tb2(H2O)4(4CB[6])3][4CB[6]][NO3]4[OH]4·(H2O)40

were

obtained.[68] It should be noted that during this vigorous hydrothermal reaction the terminal
3-cyanobenzyl groups on the axle were converted to 3-carboxybenzyl groups which then
coordinated to the available Tb III ions to form PRF-6. The ability of CB[6] to form strong
[2]pseudorotaxanes in H2O, even at elevated temperatures, allowed the use of hydrothermal
synthesis whereas for other macrocyclic hosts the interaction between axle and wheel
would have been completely eliminated under these very competitive solvent conditions.
PRF-6 crystallizes in the monoclinic space group P21/c and forms a three-periodic
framework consisting of TbIII metal ions and [4CB[6]] linkers (Figure 5a). Each TbIII center
can be described as having a distorted square anti-prismatic geometry and is part of a
binuclear cluster which acts as a six-connected metal-ligand node. The binuclear TbIII ions
are linked by four bridging η1,η'1-carboxylate terminal groups, while two other η2-chelating
carboxylate groups and two H2O molecules fill the remaining coordination sites (Figure 5b).
This results in a non-penetrated α-polonium-like network with a metal···metal distance
12
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between binuclear TbIII centers of 3.97 and 17.4 Å between metal clusters; which define the
sides of the primitive cube (Figure 5c). Void space in the structure is filled with a single noncoordinating [2]pseudorotaxane supermolecule [4CB[6]]2+ per asymmetric unit, in
addition to H2O molecules and nitrate and hydroxide counterions. In addition, when an
analogous axle was used with terminal 4-cyanobenzyl groups under the same reaction
conditions with Tb(NO3)3, a PRF could be obtained with similar two-periodic hexagonal nets
as in PRF-2.

Figure 1.2.5 - a) [2]Pseudorotaxane linker [4CB[6]]2+ used to form PRF-6; b) coordination
environment of the TbIII cluster in PRF-6; c) X-ray structure of the primitive cubic,
three-periodic framework of PRF-5 (CB[6] macrocycles only show in one direction of primitive
cube for clarity).
While the PRFs developed by Kim and coworkers were some of the first examples of
one-, two- and three-periodic frameworks with rotaxane linkers, very little material
analysis (e.g.. VT-PXRD) was reported to indicate the stability of these materials. However,
recently Su and coworkers used a longer 1,4-diaminohexane based linker with terminal 4carboxybenzyl groups in conjunction with CB[6] to form a series of isomorphous (CuII, ZnII,
CdII) three-periodic PRFs. To accomplish this, a slight excess of CB[6] was added to an
aqueous solution of N,N'-bis(4-cyanobenzyl)-1,4-diaminohexane dihydronitrate followed by
13
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sonication and refluxing for 3 h, after which undissolved CB[6] was filtered off and the
desired [2]pseudorotaxane isolated by evaporation and precipitation with ethanol. One
equivalent of the isolated [2]pseudorotaxane was then suspended in H2O and placed in a
stainless-steel bomb with 1.9 equivalents of Cu(NO3)3·5(H2O) and 3 drops of triethylamine.
The bomb was subsequently sealed and heated to 170 °C for 72 h followed by slow cooling
to room temperature, after which large green crystals of PRF-7 were obtained with formula
[Cu(5CB[6])](5CB[6])·(H2O)13.[69]3 PRF-7 crystallized in the monoclinic space group
C2/c and formed a three-periodic framework consisting of CuII metal ions and [5CB[6]]
linkers (Figure 6a). Each CuII adopts a distorted tetrahedral geometry with four carboxylate
linkers binding in an η1 fashion to form a negatively charged metal node (Figure 6b). The
resulting three-periodic framework can be described as having a mok topology consisting of
distorted hexagonal sub-nets (Figure6c) and three-fold interpenetration. Each distorted
hexagonal unit consists of two different rotaxane linkers (linear and bent). It was
rationalized that during the vigorous reaction conditions a deprotonation-reprotonation
equilibrium of the secondary ammonium ion resulted in a mixture of protonated rotaxane
units (linear) and deprotonated rotaxane units (bent). VT-PXRD studies of PRF-7
demonstrated that the material retained its diffraction pattern over 170 °C while
thermogravimetric analysis showed a loss of 7.3 weight % by 170 °C corresponding to
thirteen interstitial H2O molecules per asymmetric unit; this was followed by
decomposition near 300 °C.
It should be noted that the flexible nature of the linkers used in conjunction with
CB[6] to form PRF-1 – PRF-7 resulted in structures dictated almost entirely by the closepacking of the large CB[6] wheels. Unfortunately, this ultimately produces lattices with very
limited amounts of the desirable void space (or free volume) required to allow large
amplitude motions of the macrocyclic component within the structures.
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Figure 1.2.6 - a) [2]Pseudorotaxane linker [5CB[6]]2+ used to form PRF-7 b) Coordination
environment of CuII center in PRF-7; c) X-ray structure of a distorted hexagonal unit which
comprises the three-periodic framework of PRF-7.
1.2.3

Polyrotaxane Frameworks Containing DB24C8 Wheels
Dibenzo[24]crown-8

(DB24C8)

macrocycles

are

known

to

form

[2]pseudorotaxanes with 1,2-bis(pyridinium)ethane axles. This motif has been used by
Loeb et. al. to form a variety of PRFs. Although the strength of the [2]pseudorotaxane adduct
does not allow for aqueous or solvothermal synthesis it does come with some advantages.
The DB24C8 macrocycle allows for a higher degree of functionalization compared to CB[6]
providing the opportunity to introduce functional groups into the PRF via the macrocycle. In
addition, the electron-rich DB24C8 macrocycle is known to exhibit intermolecular charge
transfer with electron-poor, pyridinium-based axles, which allows one to infer the
orientation of the macrocycle relative to the axle without detailed structural knowledge.
This type of interaction could potentially be used for the creation of a MIM-based
colorimetric switch in the solid-state.
Dissolving 1,2-bis(4,4’-bipyridinio)ethane tetrafluoroborate, 6(BF4)2, in MeCN with
two equivalents of DB24C8 helps to push the equilibrium between free axle and wheel
towards [2]pseudorotaxane formation. Adding one equivalent of Co(BF4)2·6(H2O) to this
mixture and subjecting it to slow evaporation produced yellow/orange crystals of PRF-8
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with formula [Co(H2O)2(MeCN)2(6DB24C8)][BF4]4·(MeCN)2(H2O)2 after two weeks.[70]
PRF-8 crystallized in the monoclinic space group P21/c and forms a one-periodic
framework consisting of CoII metal ions and [6DB24C8]2+ linkers (Figure7a). Each CoII
center adopts an octahedral geometry with two pyridyl groups of the rotaxane linkers
binding in a trans arrangement, with the remaining equatorial sites occupied by two
coordinated H2O molecules and two coordinated MeCN molecules which also bind trans to
one another (Figure7b). This results in a linear one-periodic framework with a
metal···metal distance of 22.1 Å between rotaxane units (Figure7c); the DB24C8
macrocycles adopt an S-conformation. This conformation allows both of the electron rich
aromatic groups of the macrocycle to π-stack effectively with both of the electron deficient
pyridinium groups of the axle. The framework chains pack in a parallel arrangement with
remaining void space filled by two MeCN molecules, two H2O molecules, and four BF4counterions per asymmetric unit.
One can control how these one-periodic chains organize relative to each other by
using an ancillary ligand with external hydrogen-bond donor-/acceptor pairs such as
tetra(4-carboxy)-phenyl-porphyrin (TCPP). One equivalent of 5(BF4)2 was added to four
equivalents of DB24C8 in chloroform and allowed to stir for 42 h after which a MeOH
solution containing [ZnII(TCPP)]2- was carefully layered on top to yield red crystals of PRF9 after a few days.[71] PRF-9 consists of [ZnII(TCPP)]2- metal nodes and [6DB24C8]2+
linkers with formula [ZnII(TCPP)(6DB24C8)]·(H2O)4] and crystallized in the monoclinic
space group P21/n. Each ZnII metal ion adopts a distorted octahedral geometry; four
equatorial sites are bound to the porphyrin and the remaining axial sites are occupied by
pyridyl units of the rotaxane linkers (Figure7d). Each [ZnIITCPP]2- unit acts simultaneously
as an anionic bridging node and a hydrogen-bond donor/acceptor via the carboxy groups of
the porphyrin. Overall, this results in a one-periodic framework with a metal···metal
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distance of 22.3 Å (Figure 7e). Deprotonation of two of the carboxy groups results in
cooperative hydrogen-bonding between carboxylic/carboxylate groups of neighboring
porphyrin molecules which allows for a way to organize the one-periodic framework chains
in the solid-state. The remaining void space in PRF-9 is free from independent counterions
and is filled with four H2O molecules per asymmetric unit.
In order to increase the periodicity of these systems, Loeb and coworkers found that
switching to a non-coordinating solvent (i.e. from MeCN to MeNO2) during PRF synthesis
allowed for formation of two-periodic frameworks. This was accomplished by dissolving
6(BF4)2 in MeNO2 and adding two equivalents of DB24C8 with one equivalent of
Cd(BF4)2·(H2O)6. Vapor diffusion of iso-propyl ether into this reaction mixture produced
light

yellow

crystals

of

PRF-10

with

formula

[Cd(H2O)(BF4)(6DB24C8)2]

[BF4]5·(MeNO2)15.14 PRF-10 crystallizes in the triclinic space group P ̅ and forms a twoperiodic framework consisting of CdII metal ions and [6DB24C8]2+ linkers. Each CdII center
adopts an octahedral geometry with four pyridyl groups of the rotaxane linkers binding in a
square planar arrangement and the remaining axial sites occupied by one coordinated H2O
molecule and one coordinated BF4- anion (Figure 7f). The resulting open framework
consists of non-interpenetrated two-periodic grids with a large metal···metal distance of
22.2 Å between rotaxane linkers (Figure 7g). The grids stack along the c-axis of the
structure with alternating interlayer spacings of 12.0 and 10.0 Å. As a result, channels form
along the c axis which contains fifteen MeNO2 molecules and five BF4- counterions per
asymmetric unit.
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Figure 1.2.7 - a) [2]Pseudorotaxane linker [6DB24C8]2+ used to form PRF-8, PRF-9 and
PRF-10; b) coordination environment of CoII center in PRF-8; c) X-ray structure of the linear
one-periodic framework of PRF-8; d) coordination environment of [ZnII(TCPP)]2- in PRF-9; e)
X-ray structure of the linear one-periodic framework of PRF-9; f) coordination environment of
CdII center in PRF-10; g) X-ray structure of the square grid two-periodic framework of PRF10.
Thermogravimetric analysis was used to probe the stability of this material and although
the material loses crystallinity as solvent is removed from the void, the rotaxane framework
does not break down and lose the DB24C8 macrocycles until over 250 °C. This
demonstrates that although the macrocycle is only held in position by weak noncovalent
interactions during [2]pseudorotaxane formation, a covalent or strong metal-ligand bond
must be broken to release the interlocked wheel component from the framework.
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The ability to functionalize DB24C8 was used by Loeb and coworkers to determine if it was
possible to obtain the same metal-organic framework by using the same axle but with an
altered macrocycle. A tetraphenoxy derivative of DB24C8 was synthesized (TPDB24C8)
and employed under similar reaction conditions used to prepare PRF-10; 6(BF4)2 was
dissolved in MeNO2 and mixed with two equivalents of TPDB24C8 and half an equivalent of
Cd(BF4)2·(H2O)6 dissolved in a MeNO2/MeOH mixture. Vapor diffusion of iso-propyl ether
into this reaction mixture produced yellow crystals of PRF-11 with formula
[Cd(H2O)2(6TPDB24C8)2] [BF4]6·(MeNO2)23.[72] PRF-11 crystallizes in the monoclinic
space group Pc and forms a two-periodic framework consisting of CdII nodes and
[6TPDB24C8]2+ linkers (Figure 8a) as well as naked 62+ axles. Each CdII center adopts an
octahedral geometry with four pyridyl groups binding in a square planar arrangement, with
the remaining axial sites occupied by two coordinated H2O molecules (Figure 8b).

Figure 1.2.8 - a) [2]Pseudorotaxane linker [6TPDB24C8]2+ used to form PRF-11; b)
coordination environment of CdII center in PRF-11; c) X-ray structure of the square grid, twoperiodic framework of PRF-11 containing rotaxane linkers [6TPDB24C8]2+ as well as naked
62+ linkers.
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The overall result is a square grid which has the same topology and metal···metal distances
as PRF-10, but with only half of the axles possessing a macrocycle (Figure 8c). This is likely
due to the large size of the tetra-substituted macrocycle which adopts a C-conformation in
PRF-11 with the four CH2OC6H5 groups of the macrocycle sheltering the naked 62+ linkers.
Remaining voids in the structure are filled with 23 MeNO2 molecules and six BF4counterions, per asymmetric unit. PRF-11 demonstrates how the interlocked macrocyclic
component can be thought of as a supramolecular additive which does not perturb the
structure of the framework. As such, it may be possible to use this as a method to tune the
internal properties and/or structure of the cavities in porous PRFs – for example making
them hydrophobic or hydrophilic depending on what substituents are appended to the
macrocycle.
Loeb and coworkers also found that modification of their traditional axle 62+ was
possible by utilizing pyridine N-oxide terminal groups to form 1,2-bis-(4,4’-bipyridiniomono-N-oxide)ethane tetrafluoroborate, 7(BF4)2. It was determined that under similar
reaction conditions to PRF-10 a very different framework was obtained with this axle.
Dissolving one equivalent of Cd(BF4)2·(H2O)6 in MeNO2 with two equivalents of 7(OTf)2 and
six equivalents of DB24C8, followed by vapor diffusion of iso-propyl ether into the reaction
mixture

produced

orange

crystals

of

PRF-12

with

formula

[Cd(OTf)2(7)(7DB24C8)][OTf]4·(MeNO2)4.[73] PRF-12 crystallizes in the triclinic space
group P1 and forms a two-periodic framework consisting of CdII nodes and [7DB24C8]2+
linkers (Figure 9a) as well as naked axles of 72+. Each CdII ion adopts an octahedral
geometry with four pyridine N-oxide ligands bound to the equatorial sites (two rotaxane
linkers and two from naked axles of 72+) with the remaining axial sites occupied by two OTf
anions (Figure 9b). The two different linkers form a two-periodic square net with a
metal-metal separation of 22.5 Å (Figure 9c). As in PRF-10, only half of the linkers are
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comprised of rotaxanes. In this case however, it cannot be attributed to a bulky macrocycle
but instead to the less directional metal-ligand coordination bonds of the pyridine N-oxide
coordinating groups. The resulting grids formed in PRF-12 are layered in an alternating
fashion in which the rotaxane linkers in one layer block openings in the adjacent layer
eliminating the formation of channels. Remaining void space in PRF-12 is filled with four
OTf anions and four MeNO2 molecules per asymmetric unit.
The combination of pyridine N-oxide axle 72+ and much larger oxophilic, lanthanide
ions allowed for a higher coordination number and thus a desired increase in periodicity for
this system. For example, slow diffusion of Yb(OTf)3 dissolved in MeCN, into an MeCN
solution containing 7(OTf)2 and three equivalents of DB24C8 resulted in large yellow
crystals of PRF-13 with formula [Yb(OTf)(7DB24C8)3][Cl][OTf]7 after four days.[74] PRF13 is a three-periodic framework consisting of YbIII nodes and [7DB24C8]2+ linkers and
crystallizes in the triclinic space group P ̅ . Each YbIII metal center adopts a seven-coordinate
pentagonal bipyramidal geometry, five pyridine N-oxide rotaxane linkers occupying the
equatorial sites of the pentagonal plane while the residual axial sites are coordinated by
another rotaxane linker and a OTf anion (Figure 9d). The rotaxanes bound to the equatorial
sites result in two-periodic layers consisting of alternating square and triangular forms
(Figure 9e), the layers are pillared by the rotaxanes bound to the axial site of the metal
centers. The square forms in the layer allow for interpenetration of another lattice, while
the triangular forms are too crowded to allow for penetration. It should also be noted that
both the C- and S-conformation of the DB24C8 macrocycle are observed in this structure,
likely due to the flexibility of the crown ether and subtle crystal packing forces. The
remaining void space in PRF-13 is filled with OTf and Cl anions as well as crystallization
solvents (MeCN and H2O). The PXRD patterns of the desolvated material showed that the
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crystallinity of the sample was retained, while TGA again showed loss of the DB24C8
macrocycle only above 240 °C, resulting from degradation of the material framework.

Figure 1.2.9 - a) [2]Pseudorotaxane linker [7DB24C8]2+ used to form PRF-12, PRF-13 and
PRF-14; b) coordination environment of CdII center in PRF-12; c) X-ray structure of the
distorted square grid, two-periodic framework of PRF-12 containing rotaxane linkers
[7DB24C8]2+ as well as naked 72+ linkers; d) coordination environment of YbIII center in PRF13; e) X-ray structure of the square and triangular forms which comprise layers in the threeperiodic framework of PRF-13; f) coordination environment of SmIII center in PRF-14; g) Xray structure of the primitive cubic, three-periodic framework of PRF-14 (DB24C8
macrocycles only show in one direction of the primitive cube for clarity).
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Interestingly, when other lanthanide metals (Ln = SmIII, EuIII, GdIII, TbIII) were used
under similar conditions, a very different series of isomorphous PRFs was formed. Adding
one equivalent of Ln(OTf)3 to an MeCN solution containing two equivalents of 7(OTf)2 and
six equivalents of DB24C8, resulted in large orange crystals of PRF-14 with formula
[Ln(H2O)(OTf)(7DB24C8)3][Cl][OTf]7, after standing for 4 days.[74] PRF-14 is a
three-periodic framework consisting of LnIII nodes and [7DB24C8]2+ linkers and
crystallizes in the triclinic space group P ̅ . Each LnIII metal center adopts an eightcoordinate geometry comprising six pyridine N-oxide rotaxane linkers, a single H2O
molecule and OTf anion (Figure 9f). The resulting framework adopts an α-polonium-like
network with Ln···Ln distances of 23.5 Å outlining the sides of the “cube” (Figure 9g). PRF14 is interpenetrated with another lattice with the remaining voids occupied by OTf and Cl
anions in addition to crystallization solvents (MeCN and H2O). This material exhibited
similar stability to PRF-13, with a very similar TGA showing that there was retention of
crystallinity after desolvation. While PRF-13 and PRF-14 are stable three-periodic
frameworks, interpenetration and a plethora of independent counterions, limited the free
volume available in these materials; a necessity for observing any large amplitude dynamic
behavior of the macrocyclic component.
In an effort to eliminate the non-coordinating counterions that occupy much of the
void space in lattices of PRFs, Loeb and coworkers developed a disulphonated crown ether
DSDB24C82- to offset the dicationic charge on the bis-pyridinium axle. One equivalent of
6(BF4)2 was mixed with two equivalents of anti-[Me4N]2[DSDB24C8] and one equivalent of
[Cu2(BnO)4] in a MeOH/DMF mixture. This reaction mixture was subject to slow
evaporation,

which

produced

turquoise

crystals

of

PRF-15

with

formula

[Cu2(BnO)4(6DSDB24C8)] (MeOH)2(DMF) after one week.[75] PRF-15 crystallized in the
triclinic space group P1 and forms a one-periodic framework consisting of CuII paddlewheel
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nodes and [6DSDB24C8] linkers (Figure 10a). The positively charged pyridinium groups
of the axle are counteracted by the negative charges of the sulfonate groups on the
macrocycle, resulting in a neutral, zwitterionic linker. Combining this with a charge neutral,
metal node results in a framework which is also neutral and free from independent
counterions. Each CuII ion is part of a binuclear complex and adopts a square pyramidal
geometry with the equatorial sites bound by four benzoate groups which bridge two metal
centers and the remaining axial sites coordinated to pyridine groups of the [6DSDB24C8]
linkers (Figure 10b). PRF-15 has a metal···metal distance between rotaxane subunits of
21.6 Å with each DSDB24C82- macrocycle adopting the traditional S-conformation (Figure
10c). The one-periodic framework chains pack in a parallel arrangement with the remaining
void space filled with two MeOH molecules and a single DMF molecule per asymmetric unit.

Figure 1.2.10 - a) [2]Pseudorotaxane linker [6DSDB24C8] used to form PRF-15; b)
coordination environment of CuII paddlewheel cluster in PRF-15; c) X-ray structure of the
linear one-periodic framework of PRF-15.
A charge neutral pseudorotaxane linker was a significant improvement over
previous dicationic [2]pseudorotaxane linkers, however, increasing the periodicity of this
system proved difficult. Consequently, a negatively charged [2]pseudorotaxane linker was
developed by replacing one of the internal pyridinium rings of axle 62+ by a simple phenyl
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ring to create a monocationic pyridinium axle 8+. It was determined that 8+ was still able to
achieve significant [2]pseudorotaxane formation with a DSDB24C82- macrocycle to form an
overall negatively charged [2]pseudorotaxane linker, [8DSDB24C8]- (Figure 11a). This
negatively charged linker was used to prepare PRF-16, PRF-17, and PRF-18.
PRF-16 was synthesized by mixing equimolar amounts of 8(OTf), anti-[Me4N]2[DSDB24C8]
and Zn(NO3)2·(H2O)6 in MeOH and allowing the solution to stand for three days, after which
a crop of pale yellow, crystals with formula [Zn(8DSDB24C8)(H2O)2(MeOH)][NO3]
·(MeOH)2 were isolated.[76] PRF-16 crystallizes in the triclinic space group P ̅ and forms a
one-periodic framework consisting of ZnII metal ions and [8DSDB24C8]- linkers. Each ZnII
atom adopts an octahedral geometry with two coordinating pyridine groups from the
rotaxane linkers and two H2O molecules coordinated in a trans arrangement, with the
remaining coordination sites occupied by a single MeOH molecule and a sulfonate group
from a DSDB24C82- macrocycle (Figure 11b). PRF-16 is a racemic, double-stranded, oneperiodic framework with a Zn···Zn distances of 22.0 Å (Figure 11c). Two adjacent chains are
joined together in a head-to-tail fashion by coordination of a sulfonate group of one unit to
the ZnII center of a neighboring unit, with the closest Zn···Zn distance being 9.17 Å. The
DSDB24C82- macrocycles wrap around the charged pyridinium end of the axle, in a
C-conformation, which presumably optimizes the noncovalent interactions between axle
and wheel. Remaining voids in the structure are occupied by one nitrate counterion and two
MeOH molecules per asymmetric unit.
While PRF-16 demonstrated how [8DSDB24C8]- could be used as a negatively
charged [2]pseudorotaxane linker between positively charged metal centers, it did not
contain the correct stoichiometry to form a neutral framework. In order to achieve a neutral
framework with this singly charged linker, a two-periodic structure with dicationic metal
centers would be required. This was accomplished by mixing two equivalents of 8(OTf) and
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anti-[Me4N]2[DSDB24C8] with one equivalent of Zn(NO3)2·6(H2O) in MeOH and allowing
the solution to stand for five days. This resulted in a crop of pale yellow crystals of PRF-17
with formula [Zn(8DSDB24C8)2(H2O)2]·(H2O)(MeNO2)21.[76] PRF-17 crystallized in the
monoclinic space group Cc and forms a two-periodic framework consisting of ZnII metal
ions and [8DSDB24C8]- linkers. Each ZnII atom adopts an octahedral geometry with four
pyridine groups from the rotaxane linkers coordinating to the equatorial sites with the
remaining axial sites coordinated by two H2O molecules (Figure 11d). With the correct
stoichiometry, neutral, square grids are obtained in which the cationic ZnII metal ions are
counter-balanced by the anionic rotaxane linkers, with a metal···metal distance between
rotaxane linkers of 22.0 Å. (Figure 11e). These charge neutral grids are stacked in an
alternating AB fashion through hydrogen-bonding between axially coordinated H2O
molecules, with a layer spacing of 7.82 Å (Figure 11h). Large channels are formed at the
center of these grids which are filled with numerous MeNO2 solvent molecules. Immersion
of PRF-17 in chloroform followed by treatment under mild vacuum at room temperature
resulted in evacuation of the material (determined by TGA) to yield a porous solid with 42%
void space. The stability of PRF-17 was further determined by VT-PXRD, which showed that
the materials retained its original PXRD pattern up to 80 °C, after which a new layered
structure formed, followed by decomposition at higher temperatures. This presumably was
due to a loss of weak interlayer hydrogen-bonding from interstitial H2O molecules, which
held the layers in place.
Fortuitously, another PRF was isolated during the synthesis of PRF-17 when excess
[Me4N]2[SO4] was present, leading to the isolation of colorless, crystals of PRF-18 with
formula

[Zn(8DSDB24C8)2][(Zn(SO4)(H2O)2(MeOH)2)2]·

(MeNO2)42.[76]

PRF-18

crystallized in the orthorhombic space group Cmc21 and forms a three-periodic framework
consisting of ZnII metal ions and [8DSDB24C8]- linkers, in addition to ZnSO4 based pillars.
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Figure 1.2.11 - a) [2]Pseudorotaxane linker [8DB24C8]- used to form PRF-16, PRF-17 and
PRF-18; b) coordination environment of ZnII center in PRF-16; c) X-ray structure of the linear
one-periodic framework of PRF-16; d) coordination environment of ZnII center in PRF-17; e)
X-ray structure of the square grid, two-periodic framework of PRF-17; f) coordination
environment of ZnII center along with ZnSO4 based pillars of PRF-18; g) X-ray structure of the
square grids within the three-periodic framework of PRF-18; h) X-ray structure depicting how
layers are pillared by interstitial water molecules in PRF-17; i) X-ray structure depicting how
the layers are pillared by inorganic ZnSO4 in PRF-18.
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As in PRF-17 the ZnII atoms adopt an octahedral geometry with four pyridine groups from
rotaxane linkers coordinating to the equatorial sites (Figure 11f) resulting in neutral square
grids (Figure 11g). In contrast to PRF-17, these two-periodic grids are no longer stacked
together by hydrogen-bonding interactions but are pillared by inorganic clusters of
(Zn(SO4)(H2O)2(MeOH)2)2, which results in a three-periodic structure with a larger layer
spacing of 11.0 Å between metal centers (Figure 11i). In addition, there is also a significant
difference in the orientation of the macrocycle in relation to the axle when comparing PRF17 to PRF-18. In PRF-17, the DSDB24C82- macrocycle is π-stacked with the pyridinium
group of the axle in a face-to-face interaction, (similar to that observed for almost every
other rotaxane of this type) leading to charge transfer and the yellow color of the material.
However in PRF-18, the DSDB24C82- macrocycle is rotated by 90o and makes an edge-toface π-interaction, preventing significant charge transfer and resulting in a colorless
material. Although a complete analysis of the stability and thermal properties of PRF-18
was not possible, gentle heating of the PRF-18 causes the material to change from colorless
to yellow. This qualitative observation was rationalized as a thermally driven, irreversible
phase change, in which the macrocyclic component was reoriented from an edge-to-face πinteraction to a π-stacked interaction within the material.

1.2.4

Polyrotaxane Frameworks Containing a Texas-Sized Molecular Box
Sessler and coworkers have recently developed an imidazolium-based, electron

deficient macrocycle they dubbed the Texas-Sized Molecular Box, TSMB4+, which forms
[2]pseudorotaxanes with well-known MOF linkers such as 2,6-naphthalene-dicarboxylate,
92- and 1,4-benzene-dicarboxylate, 102- as the axle.[77] When 92- was utilized as the axle to
form a [2]pseudorotaxane linker [9TSMB]2+ (Figure 12a), and combined with silver
nitrate, a one-periodic PRF was obtained. This was accomplished by adding AgNO3 to a
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solution containing [TSMB][PF6]4 and 9 in DMF/MeCN/H2O (1:1:1) followed by addition of
triethylamine which precipitated a white solid that was removed by filtration. The resulting
filtrate was subjected to slow evaporation for four weeks, after which colorless crystals of
PRF-19 with formula [Ag2(9TSMB)(9)][9]·(H2O)16, were obtained.[78] PRF-19 crystallizes
in the triclinic space group P ̅ and forms a one-periodic framework consisting of AgI metal
ions and [9TSMB]2+ linkers as well as naked linkers of 92-. Each AgI center is coordinated
by two carboxylate groups in a trans geometry (Figure 12b), one from a rotaxane linker and
one from a naked axle, 92-, with metal···metal distances of 13.5 and 13.8 Å respectively. The
rotaxane units show strong donor-acceptor interactions, with less than 3.5 Å between πstacked aromatic groups of the tetraimidazolium macrocycle and the 2,6-naphthalene based
axle. The one-periodic framework chains propagate with every other linker being threaded
through a tetraimidazolium macrocycle. This allows for efficient packing in which the
electron deficient aromatic groups of the TSMB4+ in one chain π-stack to the electron-rich
naked linkers of a neighboring chain (Figure 12c). Void space in the structure is filled with a
non-coordinated axle, 92-, for charge balance and 16 H2O molecules per asymmetric unit.
By utilizing the same [2]pseudorotaxane linker, [9TSMB]2+ , with ZnII metal ions,
Sessler and coworkers were able to increase the periodicity of this system to obtain a threeperiodic PRF. This was accomplished by mixing a solution containing [TSMB][PF6]4, excess
2,6-naphthalene dicarboxylic acid and Zn(NO3)2·(H2O)6 to a 1:1 solution of DMF/H2O. After
addition

of

triethylamine

to

this

mixture,

crystals

of

PRF-20 with

formula

[Zn2(9TSMB)(9)3]·(H2O)6 were isolated.[79] PRF-20 crystallizes in the monoclinic space
group P21/c and forms a three-periodic framework consisting of ZnII metal ions and [9
TSMB]2+ linkers as well as naked linkers of 92-. Each ZnII metal ion is coordinated by four
carboxylate groups in a tetrahedral geometry (Figure 12d) to form an interpenetrated,
diamondoid network in which one out of every four linkers is encircled by a TSMB4+
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Figure 1.2.12 - a) [2]Pseudorotaxane linker [9TSMB]2+ used to form PRF-19 and PRF-20; b)
coordination environment of AgI center in PRF-19; c) X-ray structure of the linear one-periodic
framework of PRF-19; d) coordination environment of ZnII center in PRF-20; c) X-ray
structure of the diamondoid three-periodic framework of PRF-20 containing rotaxane linkers
[9TSMB]2+ as well as naked 92- linkers in a 1:3 ratio.
macrocycle (Figure 12e). PRF-20 suffers from two fold interpenetration with the remaining
voids in the structure filled by six interstitial H2O molecules per asymmetric unit.
Thermogravimetric analysis and PXRD measurements showed PRF-20 to by thermally
stable up to 230 °C and retain its PXRD pattern after evacuation.
By utilizing a shorter linker, 102- and TSMB4+ with lanthanide metal centers (Ln =
NdIII, SmIII, TbIII, and EuIII) Sessler and coworkers were able to obtain a series of threeperiodic PRFs. The EuIII structure was obtained by layering a DMF solution containing
[TSMB][PF6]4, 10, and Eu(NO3)3 with tetramethylammonium hydroxide in a H2O/DMF
mixture to yield crystals of PRF-21 with formula [Eu2(10 TSMB)(10)4(H2O)]·(H2O)6.[80]
PRF-21 crystallizes in the monoclinic space group P21/c and forms a three-periodic
framework consisting of EuIII metal ions and [10 TSMB]2+ linkers as well as naked linkers
of 102- (Figure 13a). There are two types of EuIII environments that exist within this
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structure; 8- and 9-coordinate. The 8-coordinate environment consists of two η2-chelating
carboxylate groups, three η1-coordinating carboxylate groups and a single H2O molecule
(Figure 13b).

Figure 1.2.13 - a) [2]Pseudorotaxane linker [10TSMB]2+ used to form PRF-21; b)
coordination environment of eight-coordinate EuIII center in PRF-21; c) coordination
environment of nine coordinate EuIII center in PRF-21; d) X-ray structure of the rectangular
forms within the three-periodic framework of PRF-21.
The nine-coordinate environment consists of three η2-chelating carboxylate groups, a single
η1-coordinating carboxylate group and two H2O molecules (Figure 13c). One out of every
five 102- linkers in PRF-21 is encircled by a TSMB4+ macrocycle. The overall framework is
charge neutral and results in two-periodic rectangular nets containing rotaxane linkers
being pillared by naked 102- linkers (Figure 13d). PRF-21 was also studied for its
luminescent properties which showed the material to have a unique bright orange
luminescence when compared to other lanthanide PRFs. Sessler suggested that one may
eventually be able to fine-tune the properties of these materials, by coupling interesting
physical properties such as the luminescence observed in PRF-21 with the dynamics of
interlocked molecules.
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1.2.5

PRF Containing a Cu(I) Templated [2]Pseudorotaxane
Utilizing a CuI templated [2]pseudorotaxane linker, Stoddart, Sauvage, Yaghi and

coworkers were able to create a robust PRF capable of withstanding post synthetic
modification. This was accomplished by adding a copper-coordinated phenanthroline-based
macrocycle [Cu(PM)(MeCN)2][PF6] (PM = 1,10-Phenanthroline Macrocycle) into a solution
of the axle 11 in DCM to form [2]pseudorotaxane linker [Cu(11PM)]+ (Figure 14a). This
linker was then added to a DEF solution of Zn(NO3)2·(H2O)6 and heated to 100 °C in a sealed
tube

for

48

h

to

yield

red

cubic

crystals

of

PRF-22

with

formula

[Zn4O(Cu(11PM))3][PF6]3·(DEF)x.[81] PRF-22 crystallized in the monoclinic space group
P21/c and forms a three-periodic framework, consisting of inorganic Zn4O clusters which
are linked together by carboxylate terminated rotaxane linkers. The rotaxane linkers
contain a single CuI metal ion which is coordinated in a distorted tetrahedral geometry to
the 1,10-phenanthroline unit of the axle and a phenanthroline unit in the 30-membered PM
macrocycle. Each ZnII center is part of a Zn4O cluster (Figure 14b) which forms a sixconnected node resulting in a framework with pcu topology and an average Zn···Zn distance
of 25.3 Å (Figure 14c). The resulting framework suffers from three-fold interpenetration
with the remaining voids filled with disordered PF6 anions and DEF solvent molecules. Post
synthetic modification was performed by exposing PRF-22 to an oxone solution in MeCN at
room temperature which resulted in oxidation of an unknown amount of Cu I ions to CuII;
this was confirmed qualitatively by EPR spectroscopy. The CuI ions within the rotaxane
linkers which are oxidized to CuII were described as local electronic switches which alter
the coordination geometry of the copper ions inside PRF-22 by presumably shrinking and
flattening of the coordination sphere. In addition, exposing PRF-22 to KCN in MeOH
resulted in 60% demetalation of the material with the remaining CuI being inaccessible in
this highly interpenetrated framework. The degree of demetalation of PRF-22 was
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Figure 1.2.14 - a) [2]Pseudorotaxane linker [Cu(11PM)]+ used to form PRF-22; b)
coordination environment of the Zn4O cluster in PRF-22; c) X-ray structure of the primitive
cubic, three-periodic framework of PRF-22; (PM macrocycles only show in one direction of the
primitive cube for clarity).
confirmed by inductively coupled plasma mass spectrometry (ICP-MS) by quantifying the
amount of CuI within the framework before and after treatment. Following the oxidation
and demetalation experiments, PRF-22 was shown to retain its crystallinity by PXRD. If this
approach could be transferred to the bistable molecular switches developed by Sauvage et.
al. in which the transformation between CuI to CuII resulted in a reorientation of the
macrocyclic wheel, this might be a viable methodology for incorporation of redox active
molecular switches inside metal-organic frameworks.

1.2.6

Polyrotaxane Framework Containing Wheels with Donor Groups
All of the examples of PRFs described to this point have taken advantage of the

complexation of a linear, coordinating axle and a macrocycle to form a [2]pseudorotaxane
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linker. While this strategy has led to numerous PRFs, it is not, however, the only option.
Loeb and coworkers used a permanently interlocked [2]rotaxane with the ligand donors
appended to the macrocyclic component rather than the axle to form a different style of
PRF.
Reacting equal molar amounts of the [2]rotaxane linker 122+ with Cd(BF4)·(H2O)6 in
MeCN, followed by vapor diffusion of iso-propyl ether into the reaction mixture produced
yellow crystals of PRF-23 with formula [Cd2Cl4(H2O)4(12)][BF4]2·(MeNO2)8.[82] PRF-23
crystallizes in the monoclinic space group P21/c and forms a two-periodic framework
consisting of binuclear CdII nodes [(H2O)2Cd(μ-Cl)2Cd(H2O)2] and 122+ rotaxane linkers
(Figure 15a). Each CdII center adopts an octahedral geometry in which the equatorial

Figure 1.2.15 - a) [2]Rotaxane linker 122+ used to form PRF-23; b) coordination environment
of binuclear CdII nodes in PRF-23; c) X-ray structure of the two-periodic framework of PRF-23.
positions are occupied by two bridging Cl ions and two coordinated H2O molecules while
the axial positions are filled by 3-pyridyl donors from macrocycles of different rotaxane
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linkers (Figure 15b). The closest Cd···Cd distance within each node is 3.73 Å with a distance
of 17.0 Å between metal nodes. The four 3-pyridyl appendages of a single macrocycle are
coordinated to four different CdII ions to generate a two-periodic framework with the
cavities of the crown ethers filled by independent and interlocked axles (Figure 15c).
Remaining void space in PRF-23 is filled by two BF4 counterions and eight molecules of
MeNO2 per asymmetric unit.
Extending this new approach for constructing PRFs, Loeb and coworkers recently
synthesized a permanently interlocked [2]rotaxane linker which contained coordinating
groups on both the macrocyclic wheel and the terminal ends of the axle. The addition of
thioether donors to the macrocycle as well as the terminal positions of the axle allowed for
the formation of an interlocked hexadentate rotaxane linker 132+ (Figure 16a). Addition of
linker 132+ to an MeCN solution of AgOTf resulted in the formation of crystals of PRF-24,
with formula, [Ag6(13)2(OTf)6(MeCN)2(MeOH)2][OTf]4·(MeCN)4.[83] PRF-24 crystallized in
the monoclinic space group P21/c and is the first example of a new type of lattice which
contains interwoven frameworks resulting from interpenetration of frameworks due to the
presence of an interlocked ligand in addition to traditional interpenetration of independent
framework lattices. Two types of metal-ligand clusters exist within the structure; the first of
forms a node which links two axles and a single macrocycle together via thioether groups to
form a hexagonal framework (Figure 16b). The metal-ligand cluster consists of two unique
Ag ions. One adopts a distorted tetrahedral geometry bound to three thioether groups and a
single OTf anion, while the other adopts a tetrahedral geometry bound to two thioether
groups, a single OTf anion and a single MeCN molecule. The second joins two macrocycles
together to form one-periodic chains linking the hexagonal nets and consists of two
identical AgI ions which adopt a tetrahedral geometry bound to two thioether groups from
the macrocycle, a single OTf anion and a single MeOH molecule (Figure 16c). The overall
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topology of PRF-24 can be described as hexagonal nets (Figure 16d) which are threaded
through orthogonal hexagonal nets via their interlocked linkers as well as traditional
interpenetration by independent nets. In addition, the interwoven nets are also knitted
together by one-periodic chains made of linked macrocyclic components. Remaining void
space in PRF-24 is filled with OTf anions and MeCN solvent molecules.

Figure 1.2.16 - a) [2]Rotaxane linker 132+ used to form PRF-24; b) coordination environment
of two unique AgI ions in a binuclear cluster used to form the distorted hexagonal net in PRF24; c) coordination environment of a binuclear AgI cluster; d) X-ray structure of the distorted
hexagonal forms within the interwoven framework of PRF-24.
PRF-23 and PRF-24 demonstrate a novel way to create PRFs by using permanently
interlocked rotaxanes which are connected by a mechanical linkage and not merely held
36
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together by relatively weak non-covalent interactions prior to PRF synthesis. This synthetic
approach allows for the use of harsher reaction conditions since the linker cannot simply
unthread when exposed to competitive solvation during PRF formation.

1.2.7

Conclusion / Scope of Dissertation
Even though PRF-1 through PRF-24 demonstrated numerous ways to incorporate

rotaxanes into attractive one-, two-, and three-periodic structures, none of these materials
demonstrated any actual dynamics related to large amplitude motion of the interlocked
macrocycle. The demonstration of dynamic motion of the wheel component in the solidstate is crucial to the future development of molecular switches inside these materials and
ultimately the ability of the material to function as a molecular machine. The remaining
chapters of this dissertation will show how a paradigm shift (outlined in chapter 2),
resulted in the development of robust rotaxane linkers, which could be used with
traditional solvo-hydrothermal MOF synthesis to create systems, which for the first time,
exhibit dynamic motion related to the wheel component inside a solid state material.
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CHAPTER 2
2.1 Metal-Organic Frameworks with Dynamic Interlocked
Components

2.1.1

Introduction
A variety of artificial molecular switches and machines have been reported that are

based on the relative motion of the constituent components of mechanically interlocked
molecules (MIMs).[1-5] However, these and other elaborate systems only operate in solution
or in a condensed phase where the molecular devices are randomly dispersed and their
motion is incoherent.[6, 7] If these tiny devices could be organized in a predictable and
orderly manner, the ideas of creating ultra-dense molecular-based memory or controlling
electronic properties of materials at the molecular level would be very much closer to
realization.[8, 9]
One way to achieve a higher level of molecular organization and coherency would be
to precisely place the soft, dynamic molecular components that undergo motion (e.g.
rotation or translation) into the pores of metal-organic framework (MOF) materials.[10-14] In
this way, the soft MIM would be clearly separated from the hard, structural skeleton of the
MOF that holds it in place.[15, 16] To date, there have been reports on the use of MIMs (almost
exclusively pseudorotaxanes) as linkers in coordination polymers (CP) to create interesting
1-, 2- and 3-periodic crystalline lattices[17-25], but none of these materials have been shown
to exhibit any type of dynamic motion related to the MIM components. Since both MIM
chemistry and MOF design are maturing fields of research, it seems reasonable to suggest
that, although challenging, this merger of ideas could be accomplished.
To demonstrate that such a dynamic MIM in MOF material could be created and the
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internal motion of the interlocked component characterized, a [2]rotaxane ligand
containing a single macrocyclic ring was targeted. Although rotation of the wheel
component of a simple [2]rotaxane is not a molecular switch or sophisticated molecular
machine, the preparation of such a prototype material and demonstration of its internal
dynamics in the solid state provides a working design and methodological blueprint for the
inclusion of more complex MIM systems into MOFs.
Based on our previous experiences investigating the structures and properties of
metal-organic rotaxane frameworks (MORFs), five design criteria were taken into account
in this work: 1) metal nodes and linkers that result in a neutral, 3-periodic, noninterpenetrated framework were used to eliminate counterions in the lattice, maximize
stability and allow for the porosity essential to create internal space for the MIM to undergo
uninhibited motion; 2) a permanently interlocked ligand was utilized to ensure retention of
the mechanical link during the vigorous reaction conditions required to prepare the MOF;
3) a MIM template was chosen in which the initial (non-covalent) templating, interactions
were easily removed in order to maximize the freedom of motion of the wheel components;
4) the MIM axle was designed to be compact and rigid to minimize framework flexibility and
skeletal vibrations and 5) the system was designed to utilize a characterization tool capable
of unambiguously characterizing the dynamics of the MIM components in the solid state.
(These points should not be seen as a set of rigid guidelines or a recipe for success, but
simply a roadmap to accompany this particular discovery).
We report herein, the preparation of a MOF designated UWDM-1 (University of
Windsor Dynamic Material) containing a [2]rotaxane as a linker and experimental
observation by SSNMR of the interlocked wheel undergoing dynamic motion inside this
unique solid-state material. The structural design components used to create such a
material are outlined in Figure 2.1.1. The key element is a crossbar, which provides clear
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separation of the carboxylate struts that form the skeletal core of the MOF from the axle and
wheel of the [2]rotaxane that is the source of the dynamics. This design allows for
generation of what Garcia-Garibay has previously identified as the free volume necessary
for observation of dynamic motion in a crystalline molecular machine.[26-28]

Figure 2.1.1 - Metal-organic framework (MOF) materials are commonly constructed from a
combination of rigid linking struts (green) and metal nodes (brown). In a new design, the
components of a mechanically interlocked molecule (MIM) – i.e. the axle (blue) and wheel
(red) of a [2]rotaxane – are inserted as part of a crossbar between the struts. This provides the
wheel component of the MIM with the free volume required to undergo unencumbered motion
inside the pores of the MOF.
2.1.2

Results and discussion
A compact and rigid MIM linker was designed with two 3,5-benzene-dicarboxylic

acid groups as the linking struts, a benzyl-aniline recognition site as the crossbar and a
[24]crown-6 macrocycle as the wheel (Scheme 2.1.1). Importantly, this struts/axle
combination should result in a MOF skeleton with no freely rotating bonds, providing a
situation in which only the macrocyclic wheel is free to undergo large amplitude, structural
changes, thus greatly simplifying any study on the dynamics of the system.
The axle was prepared by condensation of diethyl-5-amino-isophthalate with
diethyl-5-formyl-isophthalate to give the corresponding imine followed by reduction with
NaBH4 to yield the neutral benzyl-aniline, 2-1.
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Scheme 2.1.1 - Synthesis of a mechanically interlocked MOF linker. Major steps in the
synthesis of a neutral MOF linker comprising a benzyl-aniline axle and a [24]crown-6 ether
wheel (see experimental Scheme 2.2.1 for full synthetic and spectral details). MIM linker 2-6
comprises a neutral benzyl-aniline axle with four carboxylic acid groups for coordination to
metal ions and a [24]crown-6 ether macrocycle wheel.
Subsequent protonation of 2-1 with HBF4 produced the charged benzyl-anilinium axle 22[BF4] which acts as a good recognition site[29] for a ring-closing metathesis (RCM)
reaction[30, 31] employing Grubb’s I catalyst. The RCM methodology allowed clipping of a 24membered crown ether around the axle producing [2]rotaxane 2-3[BF4] (E and Z isomers)
in very good yield, after which hydrogenation of the residual double bond yielded tetraester
2-4[BF4]. Finally, treatment of 2-4[BF4] with base to both hydrolyze the four esters groups
and deprotonate the anilinium site gave neutral, tetracarboxylate MIM linker 2-6 in
excellent yield (see experimental Scheme 2.2.1 for details). It should be noted that facile
deprotonation of the anilinium [2]rotaxane by NEt3 or NaOH is a key design element
because traditional secondary ammonium-based [2]rotaxanes are notoriously difficult to
neutralize.[32]
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A representation of the single-crystal X-ray structure of the neutral tetraethyl ester
MIM precursor 2-5 is shown in Figure 2.1.2; the axle and wheel components are clearly
interpenetrated with only a single H-bond between the aniline NH group on the axle and an
oxygen atom of the crown ether wheel (d(NH···O) = 3.09 Å, ∠(NHO) = 177o) remaining from
the interactions used to template [2]rotaxane formation. The structure of 2-5 can be
considered a model for the structure of the MIM 2-6 inside the MOF as it is neutral and
contains exactly the same structural features.

Figure 2.1.2 - Single-crystal X-ray diffraction was used to verify the structure of 2-5, which is
the tetraester precursor to 2-6. Neutral [2]rotaxane 2-5 contains all the same structural
features as the actual MIM linker 2-6. A ball-and-stick representation of the single-crystal Xray structure of 2-5 shows the single hydrogen bond between axle and wheel (only hydrogen
atoms of the central benzyl-aniline unit are shown for clarity).
The Cu(II) based MOF designated UWDM-1 was prepared by combining
Cu(NO3)2·3H2O and the tetracarboxylate MIM linker 6 in a 3:2:2 mixture of DMF/EtOH/H2O
with 2 drops of HNO3 and heating in a temperature-controlled oven at 65 °C for 48 h
followed by slow cooling to room temperature at 0.1 °C min-1. Green crystalline material
could be repeatedly produced in this manner with isolated yields >75 %. Single-crystal
X-ray analysis of the as-synthesized material determined the formula of UWDM-1 to be
[Cu2(MIM)(H2O)2]·3H2O. UWDM-1 is a porous MOF which adopts a rare β-phase of NbO
topology[33], in which water occupies a small void space (11%) in the lattice. The recognition
site comprising the -NHCH2- link of the axle and a complete [24]crown-6 macrocycle are
disordered end-to-end with 50:50 site occupancy due to the random and irreversible nature
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of the metal-ligand bond formation during crystallization. Figure 2.1.3a and 2.1.3b show
representations of the repeating unit in ball-and-stick and space-filling models, Figure
2.1.3c and 2.1.3d show how these repeating units assemble into a larger polyhedron, while
Figure 2.1.3e and 2.1.3f illustrate how these polyhedra are linked to create narrow channels
along the c-axis of the crystal which contain molecules of water (not shown).

Figure 2.1.3 - Structure of UWDM-1 determined by single-crystal X-ray diffraction. a, Balland-stick representation of a single unit of the MIM coordinated to four Cu(II) paddlewheel
clusters (hydrogen atoms are omitted for clarity). b, As in a, but as a space-filling model. c,
Polyhedron comprising six paddlewheel units with macrocyclic rings omitted. d, As in c, but
with macrocyclic rings shown. e, Linked polyhedra, with macrocyclic rings omitted, viewed
down the c-axis, showing the channels that contain H2O. f, As in e, but with macrocyclic rings
shown.
Initially, the wheel is locked in place by virtue of hydrogen bonding from an ether Oatom on the macrocycle to a Cu-bound H2O molecule. Removal of the water molecules from
both the channel and the Cu centres by heating to 150 °C under vacuum (activation)
provides a void space in which the MIM can undergo motion unimpeded by neighbouring
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molecular components. The structural integrity of the rigid MOF skeleton is completely
unaffected by repeated ON/OFF cycles; starting (activation) and stopping (deactivation) of
the ring dynamics. Figure 2.1.4 illustrates PXRD data for the simulated, as-synthesized and
activated versions of the material, as well as pictures of samples before and after activation.
The overall stability of UWDM-1 was verified by VT PXRD which showed no variation
between 25 and 225 °C (see experimental Figure 2.2.11).

Figure 2.1.4 - PXRD traces for UWDM-1. Red, simulated from single crystal data; green, assynthesized material; black, activated material prepared by heating as-synthesized material to
150 °C under high vacuum for 12 h.
13C

and 2H solid-state NMR (SSNMR) spectra of activated UWDM-1 (and d2-UWDM-

1) were acquired over a large temperature range in order to investigate the dynamics of the
macrocyclic component in the MOF. SSNMR spectroscopy is particularly useful as it allows
for a targeted study of the individual molecular components of the material. The variabletemperature (VT) 1H-13C CP/MAS spectra of the crown ether carbons in activated UWDM-1
display a dramatic increase in resolution as the temperature is raised from 292 K to 477 K
(Fig 2.1.5a). The spectra increasingly resemble the solution

13C

NMR spectrum of the
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tetraethyl ester rotaxane, suggesting that the crown ether is free to undergo rapid motion at
high temperature.
To determine the nature of the motion, the MIM was labeled with two chemically
equivalent deuterium atoms using deuterium gas for hydrogenation of the double bond (E
and Z isomers), yielding d2-UWDM-1. VT 2H SSNMR spectra of activated d2-UWDM-1 are
shown together with spectral simulations in Figs 2.1.5b and 2.1.5c. Analysis of the 2H
powder patterns using models developed for simpler molecular systems[34, 35] provide
strong evidence of the four motional regimes depicted schematically in Figure 2.1.5d.
Spectra acquired at 160 and 203 K indicate that there is no rotation of the macrocycle or
any other sort of motion that averages the 2H quadrupolar interaction on the NMR
timescale. Starting at 251 K, the ring begins to undergo conformational changes that result
in reorientations of the 2H labeled CH2 groups, i.e., pseudo-axial and pseudo-equatorial CH
positions are interconverted. At 324 K, the local CH2 reorientation is accompanied by a
second mode of motion that can be assigned to a rocking, or partial rotation, of the ring. At
373 K and above, the spectra unambiguously indicate that the ring is undergoing full
rotations with a jump rate greater than 10 MHz in combination with the conformational
changes (which reorient the CH2 groups with respect to the ring). This translates to a lower
limit for the activation energy associated with a rotational step of approximately 50 kJ/mol
(see experimental section for details). Thus, the 2H SSNMR spectra clearly identify the twocomponent nature of UWDM-1, in which a dense array of soft [24]crown-6 macrocycles are
able to rapidly rotate and sample multiple conformations while mechanically linked to the
rigid three-dimensional framework of the MOF.
In order to further demonstrate the utility of our design and synthetic methodology,
an analogous MIM linker was constructed with a slightly smaller macrocycle, [22]crown-6.
Preliminary PXRD and VT 2H SSNMR data indicate that the MOF material is isomorphous
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with UWDM-1 but the conformational freedom of the smaller macrocyclic ring is restricted
and this material does not exhibit the same motion observed for UWDM-1. It may be that a
series of MOFs with different macrocycles, each with a set of uniquely characteristic
motions, can be constructed using the same metal-organic framework – this work is
ongoing.

Figure 2.1.5 - Solid-state 13C and 2H NMR (SSNMR) were used to identify and determine the
nature of the dynamic motions occurring inside activated samples of UWDM-1 at various
temperatures. a, 13C SSNMR spectra of UWDM-1 showing resonances for the [24]crown-6
macrocycle (* identifies the 13C resonance for the benzylic carbon atom of the axle). b,
Experimental 2H SSNMR spectra of activated d2-UWDM-1 as a function of temperature. c,
Simulated 2H SSNMR spectra of activated d2-UWDM-1. d, Schematic representations of the
dynamic motion of the [24]crown-6 macrocycle inside the MOF.
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2.1.3

Conclusions
We have prepared UWDM-1, a robust, metal-organic framework (MOF) material

with a mechanically interlocked molecule as part of its internal skeletal structure and
shown by SSNMR that the macrocyclic ring component of the MIM can undergo
independent motion about the rigid metal-organic framework to which it is interlocked. The
preparation of such a unique material and demonstration of its internal dynamics in the
solid state provides a roadmap for the inclusion of more complex MIM systems into MOFs.
Indeed, the small size of the MIM unit (~1 nm3) and the regularity of the MOF framework in
UWDM-1 allows for an incredibly high density of these dynamic components in the
material: ~1021 per cm3. The ability to arrange mobile and functional molecular
components in a highly dense and predictable array is a crucial step towards the generation
of solid-state devices with multiple functions and properties.
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2.2 Experimental
2.2.1

General Comments

5-Amino-isophthalic acid, diethyl-5-(hydroxymethyl)isophthalate, 5-bromopentene and
pentaethylene glycol, were purchased from Aldrich and used as received. Deuterated
solvents were obtained from Cambridge Isotope Laboratories and used as received.
Solvents were dried using an Innovative Technologies Solvent Purification System. Thin
layer chromatography (TLC) was performed using Teledyne Silica gel 60 F254 plates and
viewed under UV light. Column chromatography was performed using Silicycle Ultra Pure
Silica Gel (230 – 400 mesh). Flash column chromatography was performed using Teledyne
Ultra Pure Silica/RP-C18 Silica Gel (230 – 400 mesh) on a Teledyne Isco Combiflash-Rf
instrument. 1H,

13C,

and all 2-D NMR solution experiments were performed on a Brüker

Avance 500 instrument, with working frequencies of 500.1 MHz for 1H nuclei and 125.7
MHz for

13C.

Chemical shifts are quoted in ppm relative to tetramethylsilane using the

residual solvent peak as a reference standard. High resolution mass spectrometry (HR-MS)
experiments were performed on a Micromass LCT electrospray ionization (ESI) time-offlight (ToF) mass spectrometer. Solutions with concentrations of 0.001 molar were
prepared in methanol and injected for analysis at a rate of 5 µL/min using a syringe pump.
All single crystal X-ray data were collected on a Brüker APEX diffractometer with a CCD
detector operated at 50 kV and 30 mA with MoKα radiation. Crystals were frozen in
paratone oil inside a cryoloop and reflection data were integrated from frame data obtained
from hemisphere scans. Crystals were frozen in paratone oil inside a cryoloop and reflection
data were integrated using APEX II software. Powder XRD measurements were recorded on
a Brüker D8 Discover diffractometer equipped with a GADDS 2D-detector and operated at
40 kV and 40 mA. CuK radiation ( = 1.54187 Å) was used and the initial beam diameter
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was 0.5 mm. Thermal gravimetric analyses were conducted on a Mettler Toledo TGA SDTA
851e instrument. Helium (99.99%) was used to purge the system with a flow rate of 30
mL/min. Samples were held at 25 °C for 30 min before heating up to 550 °C at 5 °C/min.

Scheme 2.2.1 - Synthetic Steps Involved in the Preparation of the MIM Linker.
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2.2.2

Synthesis of 2-1

Figure 2.2.1 – Compound 2-1
Diethyl-5-amino-isophthalate[36] (1.5 g, 6.3 mmol) and diethyl-5-formyl-isophthalate38 (1.6
g, 6.4 mmol) were stirred overnight in chloroform with excess MgSO4. The solution was
filtered and evaporated to yield an off white solid (2.95 g). The solid was dissolved in a 3:1
mixture of THF/EtOH (40 mL) and 1.1 equivalents (0.276 g) of NaBH4 slowly added. The
mixture was stirred at room temperature for 5 h after which a small amount of water was
added to quench any remaining NaBH4. The solvent was subsequently removed via a rotary
evaporator and a two layer extraction was performed using EtOAc and H2O. The aqueous
phase was discarded and the organic layer was washed with H2O (3 x 20 mL), dried over
MgSO4 and the solvent removed to yield a white solid; yield (2.68 g, 90%), MP 153-158 °C.
This compound was employed directly in the next step without further purification. 1H NMR
(500 MHz, DCM-d2): δ = 8.54 h(s, 1H), 8.24 g(s, 2H), 7.95 a(s, 1H), 7.46 b(s, 2H), 4.69 e(s,
1H, NH), 4.53 f(d, 2H, 3J = 5.0 Hz), 4.37 c(q, 4H, 3J = 7.0 Hz), 4.32 i(q, 4H, 3J = 7.0 Hz), 1.36
d,j(t, 12H, 3J = 7.1 Hz)

13C

NMR (125 MHz, DCM-d2): δ = 166.4, 166.1, 148.4, 140.6, 132.9,

132.4, 132.1, 129.9, 120.0, 117.9, 61.9, 61.7, 47.9, 14.6. HR-MS (ESI-ToF): Calculated for
[M+H]+ [C25H30NO8]+ m/z = 472.1965; found m/z = 472.1953.
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2.2.3

Synthesis of 2-2[BF4]

Figure 2.2.2 – Compound 2-2[BF4]
2-1 (500 mg, 1.06 mmol) was dissolved in Et2O (10 mL) and two equivalents of HBF4 added
with stirring. A white solid precipitated and was filtered under vacuum and then washed 3
times with Et2O; yield (552 mg, 93%), MP 172-177 °C. This compound was employed
directly in the next step without further purification. 1H NMR (500 MHz, DCM-d2): δ = 9.4
e(br, 1H, NH), 8.69 a(s, 1H), 8.61 h(s, 1H), 8.16 b(s, 2H), 8.15 g(s, 2H), 4.89 f(s, 2H), 4.36 c(q,
4H, 3J = 7.0 Hz), 4.32 i(q, 4H, 3J = 7.0 Hz), 1.35 d,j(t, 12H, 3J = 7.1 Hz).

13C

NMR (125 MHz,

DCM-d2): δ = 165.7, 164.5, 136.3, 134.7, 134.0, 132.6, 132.5, 132.2, 130.3, 128.5, 62.9, 62.6,
57.2, 14.4. HR-MS (ESI-ToF): Calculated for [M+H]+ [C25H30NO8]+ m/z = 472.1965; found
m/z = 472.1953.
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2.2.4

Synthesis of 2-3[BF4]

Figure 2.2.3 - Compound 2-3[BF4]
Pentaethyleneglycol-dipent-4-enyl ether[31] (0.83 g 2.2 mmol) was dissolved in DCM (10
mL) and 2-2[BF4] (1.12 g 2.0 mmol) was dissolved in MeNO2 (10 mL) which were added to
degassed DCM under an N2 atmosphere (100 mL). To this solution was added Grubbs I
catalyst, [RuCl2(=CHPh)(PCy3)2], (91 mg, 5 mol%) and the mixture heated at 42 °C for 8 h
after which another 5% catalyst was added and the reaction continued for a further 16 h.
The solution was cooled to room temperature, ethylvinyl ether (0.5 mL) added and the
mixture stirred for 1 h. The solvent was removed via a rotary evaporator and the residue
washed with Et2O. The remaining material was dissolved in EtOAc (5 mL) and precipitated
with Et2O (50 mL) to obtain the product (E/Z mixture ~70/30) as an off white solid; yield
(1.35 g, 75%), MP 127-133 °C. 1H NMR (500 MHz, CDCl3): (Major Isomer) δ = 9.84 e(broad,
2H, NH2), 8.85 a(s, 1H), 8.80 h(s, 1H), 8.63 b(s, 2H), 8.61 g(s, 2H), 5.15 s(m, 1H), 5.02 f(s,
2H), 4.50 c,i(q, 8H, 3J = 7.0 Hz), 3.8-3.3 k,l,m,n,o,p(m, 24H), 1.97 r(m, 4H), 1.47 d,j(t, 12H, 3J
= 7.1 Hz), 1.26 q(m, 4H) 13C NMR (125 MHz, DCM-d2): δ = 165.5, 164.5 136.2, 135.9, 135.4,
135.1, 134.5, 134.25, 134.2, 132.8, 132.7, 132.5, 132.4, 132. 3, 132.2, 131.1, 130.9, 130.2,
129.9, 128.5, 128.4, 72.6, 72.4, 72.2, 71.9, 71.6, 71.5, 71.3, 71.2, 71.0, 70.9, 70.8, 70.7, 70.5,
70.1, 69.8, 63.0, 62.6, 62.5, 62.4, 60.8, 30.9, 30.3, 30.0, 29.2, 29.0, 28.5, 28.3, 26.0, 25.4, 23.9,
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21.3, 14.8, 14.7. HR-MS (ESI-ToF): Calculated for [M+H]+ [C43H64NO14]+ m/z = 818.4321;
found m/z = 818.4297.
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2.2.5

Synthesis of 2-4[BF4]

Figure 2.2.4 - Compound 2-4[BF4]
Pd/C 10 wt% (600 mg 0.662 mmol) was added to 2-3[BF4] dissolved in MeOH (55 mL). A
slight vacuum was applied to the reaction mixture until boiling of the solvent was observed.
The reaction vessel was flushed with H2, introduced via a balloon, and the mixture stirred
vigorously for 1 h under ambient conditions. The mixture was filtered through Celite and
evaporated on a rotary evaporator to yield a white crystalline solid; yield (540 mg, 90%),
MP 113-117 °C. This compound was employed directly in the next step without further
purification. 1H NMR (500 MHz, DCM-d2): δ = 9.82 e(broad, 2H, NH2), 8.83 a(s, 1H), 8.78 h(s,
1H), 8.58 b,g(s, 4H), 5.16 f(s, 2H), 4.46 c,i(m, 8H), 3.7-3.3 k,l,m,n,o,p(m, 24H), 1.46 d,j(m,
12H), 1.26 q(m, 4H), 1.12 r,s(m, 8H) 13C NMR (125 MHz, DCM-d2): δ = 165.5, 164.5, 136.2,
135.1, 134.1, 132.7, 132.4, 132.2, 128.5, 72.5, 72.4, 71.8, 71.4, 71.1, 70.6, 62.9, 62.5, 29.9,
28.2, 25.8, 14.8, 14.7. HR-MS (ESI-TOF): Calculated for [M+H]+ [C43H66NO14]+ m/z =
820.4477; found m/z = 820.4445.
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2.2.6

Synthesis of 2-5

Figure 2.2.5 - Compound 2-5
2-4[BF4] (100 mg 0.11 mmol) was dissolved in chloroform (10 mL) and 2.0 equivalence of
triethylamine (22 mg) was added and stirred for 1 h. The solvent was subsequently
removed via a rotary evaporator and placed under high vacuum to remove any residual
triethylamine. A two layer extraction was performed using EtOAc and H2O. The aqueous
phase was discarded and the organic layer was washed with H2O (2 x 10 mL), dried over
MgSO4, and the solvent removed to yield a white solid; yield (84 mg 94%), MP 92-96 °C. 1H
NMR (500 MHz, DCM-d2): δ = 8.63 g(d, 2H, 4J = 1.5 Hz), 8.54 h(s, 1H), 7.85 a(s, 1H), 7.69 b(d,
2H, 3J = 1.0 Hz), 5.85 e(t, 1H, NH, 3J = 5.0 Hz), 4.74 f(d, 2H, 3J = 5.0 Hz), 4.39 i(q, 4H, 3J = 7.0
Hz), 4.35 c(q, 4H, 3J = 7.0 Hz), 3.6-3.2 k,l,m,n,o,p(m, 24H), 1.46 d,j(m, 12H, 3J = 7.5 Hz), 1.261.0 q,r,s(m, 12H), 13C NMR (125 MHz, DCM-d2): δ = 167.3, 166.7, 150.7, 142.3, 135.9, 131.6,
131.0, 129.28, 118.6, 117.6, 72.2, 71.7, 71.5, 71.4, 71.3, 71.2, 61.6, 61.3, 47.3, 30.6, 29.5, 26.2,
14.8. HR-MS (ESI-TOF): Calculated for [M+H]+ [C43H66NO14]+ m/z = 820.4477; found m/z =
820.4445.
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2.2.7

Synthesis of 2-6

Figure 2.2.6 - Compound 2-6 (MIM)
2-4[BF4] (280 mg 0.3 mmol) was dissolved in a 2:1 mixture of MeOH/THF (12 mL) to which
2M NaOH was added (4 mL). The solution was refluxed at 80 °C for 24 h after which the
non-aqueous solvent was removed with a rotary evaporator. To the remaining solution
distilled water was added (5 mL) and the solution was acidified dropwise with 1M HCl to
pH= 4 to yield a white precipitate. The solid was slowly filtered and washed with pH= 4
water and then Et2O several times and left to dry; yield (200 mg 91%), decomposition >250
°C. 1H NMR (500 MHz, MeOH-d3): δ = 8.63 f(s, 2H), 8.51 g(s, 1H), 7.84 a(s, 1H), 7.77 b(s, 2H),
4.79 e(s, 2H), 3.6-3.2 i,j,k,l,m,n(m, 24H), 1.38-1.27 o,p(m, 8H), 1.22 q(m, 4H), carboxylic
acid protons c and h as well as NH proton d were not detected due to exchange,

13C

NMR

(125 MHz, MeOH-d3): δ = 170.4, 169.5, 151.7, 143.3, 137.1, 132.3, 132.1, 130.4, 120.3, 119.2,
72.9, 72.3, 72.2, 72.1, 71.9, 48.2, 31.3, 30.2, 27.0. HR-MS (ESI-TOF): Calculated for [M+H]+
[C35H50NO14]+ m/z = 708.3226; found m/z = 708.3233.
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2.2.8

Synthesis of 2-7

Figure 2.2.7 - Compound 2-7 (d2-2-6)
Conditions used and results were the same as for the non-deuterated compound except that
D2(g) was used in place of H2(g); decomposition >250 °C. 1H NMR (500 MHz, MeOH-d3): δ =
8.63 f(s, 2H), 8.51 g(s, 1H), 7.84 a(s, 1H), 7.77 b(s, 2H), 4.79 e(s, 2H), 3.6-3.2 i,j,k,l,m,n(m,
24H), 1.38-1.27 o,p(m, 8H), 1.03 q(m, 2H), carboxylic acid protons c and h as well as NH
proton d were not detected due to exchange 13C NMR (125 MHz, MeOH-d3): δ = 170.4, 169.5,
151.7, 143.3, 137.1, 132.3, 132.0, 130.4, 120.2, 119.2, 72.9, 72.3, 72.2, 72.1, 71.9, 48.2, 31.3,
29.7, 26.8. HR-MS (ESI-TOF): Calculated for [M+H]+ [C35H48D2NO14]+ m/z = 710.3351; found
m/z = 710.3331.
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2.2.9

Preparation of UWDM-1

2-6 (25 mg, 0.035 mmol) and Cu(NO3)2·3H2O (16.5 mg, 0.07 mmol) were dissolved in a
solution of DMF/EtOH/H2O (2.67 mL 3:3:2 v/v/v), to which 2 drops of HNO3 were added.
Upon addition of the acid the solution changed color from green to colorless. The solution
was then injected through a 13 mm syringe filter (0.2 μm PTFE membrane) into a 20 mL
borosilicate scintillation vial which was rinsed with deionized water and dried at 100 °C
prior to use. The vial was then placed in a programmable heating oven at a constant heating
rate of 1 °C min-1 to 65 °C, kept at that temperature for 48 h, and cooled to room
temperature at a constant heating rate of 0.1 °C min-1. A green crystalline product was
collected and washed with acetone several times to yield pure UWDM-1, with formula
[Cu2(C35H45NO14)(H2O)2]·3H2O (25 mg, 78%).

Cu(NO3)2

MIM

65 Co 48h

Figure 2.2.8 - Pictorial scheme of the bulk sample preparation of UWDM-1.
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Figure 2.2.9 - Powder-XRD results for UWDM-1. Red (simulated spectra from single crystal
data), Green (as-synthesized material), Black (heated at 150 °C under high vacuum for 12h).
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Figure 2.2.10 - Thermal gravimetric analysis (TGA) curve for as-synthesized UWDM-1.
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Figure 2.2.11 - Variable temperature PXRD data for UWDM-1. Insert shows samples of assynthesized and activated (12 h at 150 °C) UWDM-1
2.2.10 Single Crystal X-ray Diffraction Studies
General: Crystals were frozen in paratone oil inside a cryoloop. Reflection data were
integrated from frame data obtained from hemisphere scans on a Bruker APEX
diffractometer using MoK radiation and a CCD detector. Decay was monitored using 50
standard data frames measured at the beginning and end of data collection. Diffraction data
and unit-cell parameters were consistent with assigned space groups. Lorentzian
polarization corrections and empirical absorption corrections, based on redundant data at
varying effective azimuthal angles, were applied to the data sets. The structures were solved
by direct methods, completed by subsequent Fourier syntheses and refined using fullmatrix least-squares methods against |F2| data. When practical, non-hydrogen atoms were
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refined anisotropically and hydrogen atoms placed in idealized positions and refined using
a riding model. Scattering factors and anomalous dispersion coefficients are contained in
the SHELXTL program library[37] and Figures drawn with DIAMOND software.[38] Details can
be obtained from the Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk for
CCDC accession numbers 847320 and 847321. Details pertinent to individual data
collections and solutions are provided below.

2.2.11 Single Crystal X-ray Structure of Compound 2-5
Crystals of compound 2-5 were of good quality. The unit cell contained two molecules of the
neutral [2]rotaxane (C43H65NO14) with no evidence of solvent or anion (should the material
have been inadvertently isolated as the protonated precursor salt, 2-4[BF4]). The structure
was solved in the triclinic space group P-1 (#2) with Z = 2. All the non-hydrogen atoms were
refined anisotropically and all the hydrogen atoms were placed in idealized positions and
refined using a riding model. A summary of the crystal data, solution and refinement
parameters are presented in Table 2.2.1
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Table 2.2.1 - Crystal Data, Solution and Refinement Parameters for Compound 2-5
CCDC number

847320

V (Å3)

2268.1(7)

formula

C43H65NO14

Z

2

formula weight

819.96

, g cm-3

1.201

crystal system

Triclinic

, mm-1

0.089

space group

P-1

reflections used

7967

T (K)

173(2)

variables

523

a (Å)

10.569(2)

restraints

6

b (Å)

14.846(3)

R1 [I > 2 (I)][a]

0.1000

c (Å)

15.667(3)

R1 (all data)

0.1234

 (o)

79.505(2)

R2w [I > 2 (I)][b]

0.2881

 (o)

77.528(2)

R2w (all data)

0.3162

 (o)

72.252(2)

GoF on F2

1.040

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +
(aP)2 + bP]-1 .
[a]
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Figure 2.2.12 - A ball-and-stick representation of the X-ray structure of 2-5 with labeling
scheme. Black = carbon, Blue = nitrogen, red = oxygen, gold bonds = axle, silver bonds = wheel

Figure 2.2.13 - A space-filling representation of the X-ray structure of 2-5. Axle = blue, wheel
= red.
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2.2.12 Single Crystal X-ray Structure of Compound UWDM-1
Crystals of UWDM-1 were of good quality and size but only weakly diffracting as is common
for many porous MOF materials. The difference between UWDM-1 and most porous MOFs
is that most MOFs are usually filled with large amounts of highly disordered solvent which
results in poor diffraction. However, although there are 27 molecules of water in the pores
of UWDM-1, this is a minor problem. It is the 9 interlocked [24]crown-6 macrocycles which
are highly disordered that are largely responsible for the poor diffraction. The structure
was solved in the hexagonal space group R-3 (#148) with Z = 9 for a formula of
[Cu2(MIM)(H2O)2]·3H2O. The asymmetric unit contains half of a MIM axle, one coordinated
Cu(II) ion and one macrocycle with half occupancy. The recognition site comprising the NHCH2- link of the axle and a complete [24]crown-6 macrocycle is disordered end-to-end
with 50:50 site occupancy due to the random and irreversible nature of the metal-ligand
bond formation during crystallization. The non-hydrogen atoms of the framework were
easily located and well behaved. An AFIX 66 command was used to restrain the aromatic
ring of the MIM axle to be idealized hexagons with C-C and C-N bonds equal to 1.39 A. The
non-hydrogen atoms of the macrocycle were much more difficult to locate. Several cycles of
least squares refinement and the use of DFIX (O-C, C-C) and DANG (O-C-C, C-O-C and C-C-C)
restraints were necessary to create a chemically sensible model for the macrocyclic ring.
Assignment of the O-atoms in the ring were made after comparing displacement parameter
size and hydrogen-bonding distances to bound and lattice water molecules. SIMU and DELU
commands were used to restrain the displacement parameters of the macrocycle and even
out the diffuse electron density associated with this disordered portion of the molecule.
Three separate solutions were refined to convergence with the same set of parameters and
restraints. (1) The full contents of the cell including 27 molecules of H2O in the void space.
This provides a full model of all of the atoms in the unit cell but suffers from poor residuals
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as a result of poor diffraction and the required restraints. (2) The 27 molecules of H2O were
treated as a diffuse contribution to the overall scattering without specific atom positions by
SQUEEZE/PLATON.[39] This scenario provides a model that is essentially identical to the full
refinement but since the molecules of H2O in the lattice only occupy 4% of the cell there is
only a small improvement in residuals. (3) The 27 molecules of H2O and the nine
[24]crown-6 macrocycles were treated as a diffuse contribution to the overall scattering
without specific atom positions by SQUEEZE/PLATON. Although this is physically
unrealistic as it removes a component of the MIM linker, it provides a model for the MOF
framework that is essentially identical to the other two more realistic refinements and the
much improved residuals demonstrate that this is a good model for the rigid portion of the
material AND infers that the other two models are very likely good representations of the
entire material despite the relatively high R-factor and goodness-of-fit values. Table 2.2.2
summarizes the results from these three refinements. The CIF file containing refinement
(2), in which the water molecules in the lattice were removed utilizing SQUEEZE, has been
deposited with the CCDC.
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Table 2.2.2 - Crystal Data, Solution and Refinement Parameters for Compound UWDM-1.
CCDC number

847321

c (Å)

19.723(3)

formula

C35H55Cu2NO19

 (o)

90

formula weight

920.88

 (o)

90

crystal system

hexagonal

 (o)

120

space group

R-3

V (Å3)

9136(3)

T (K)

148(2)

Z

9

a (Å)

23.127(4)

, g cm-3

1.506

b (Å)

23.127(4)

, mm-1

1.126

Solution Results

Refinement-1
full model

Refinement-2
lattice H2O removed

Refinement-3
lattice H2O removed
macrocycle removed

reflections used

3589

3589

3589

variables

350

349

133

restraints

1575

1575

722

R1 [I > 2 (I)][a]

0.2137

0.1994

0.1058

R1 (all data)

0.2468

0.2182

0.1324

R2w [I > 2 (I)][b]

0.5806

0.5549

0.2933

R2w (all data)

0.6001

0.5617

0.3122

GoF on F2

2.578

2.363

1.089

[a]

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +

(aP)2 + bP]-1 .
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Figure 2.2.14 - A ball-and-stick representation of the repeating unit in the X-ray structure of
UWDM-1 with labeling scheme. Black = carbon, Blue = nitrogen, red = oxygen, dark blue =
copper, gold bonds = axle, silver bonds = wheel.
2.2.13 Deuterium Solid-State NMR Studies
Deuterium SSNMR spectroscopy has long been known as a powerful method for
characterizing both the rates and types of motion at the molecular/atomic level in solids. [4043]

One key benefit of using 2H NMR is the ability to study individual moieties that are

selectively deuterated. The [24]crown-6 ring in UWDM-1 was deuterated at the double
bond position (see Figure 2.2.6), placing the 2H labels on the two neighboring carbons in the
center of the alkane portion of the crown, as the mixture of cis and trans isomers (Figure
2.2.15). In this section, a brief review of 2H NMR interactions and the effects of motion on 2H
spectra are presented. Then, the 2H spectra of d2-UWDM-1 at each temperature are
interpreted using specific motional models, and the results are shown to be in excellent
agreement with literature reports of crown ethers in traditional molecular systems.[34, 35, 44]

75
References begin on page 87

Chapter 2
Deuterium is a quadrupolar spin-1 nucleus with a relatively small nuclear
quadrupole moment. Deuterium NMR spectra are characterized by two transitions (i.e.,
three Zeeman energy levels) that are displaced equally to either side of the Larmor
frequency by the first-order quadrupolar interaction. This splitting is orientation dependent
because of the anisotropic nature of the electric field gradient, EFG, which in turn is
dependent upon the ground-state electronic environment about the nucleus; as a result, 2H
SSNMR spectra of microcrystalline samples usually feature broad mirror-symmetric
powder patterns (also referred to as Pake doublets)[40]. The EFG with its origin at the
nucleus can be described by a traceless, symmetric, second-rank tensor, V, which is diagonal
and has only three elements in its principal axis system (PAS), which are labeled herein
using the convention |V33| ≥ |V22| ≥ |V11|. The traceless nature of the tensor allows V to be
described using only two independent parameters: the quadrupolar coupling constant, CQ =
eQV33/h, and the quadrupolar asymmetry parameter, ηQ = (V11 - V22)/V33.
Deuterium SSNMR spectra are extremely sensitive to molecular-level motions that
alter the orientation of the EFG tensor and/or the values of its elements. If the motion is at a
rate comparable to CQ, the powder patterns are strikingly different from the typical 2H
spectra of samples in which such motion is absent, e.g., such effects occur for alkyl 2H sites
at jump rates of ca. 100 kHz. There are well-known methods for simulating 2H powder
patterns in three motional regimes, including the slow-motion limit (SML, where νexch <<
νQ), the fast-motion limit (FML, where νexch >> νQ, i.e., νexch ≥ ~107 jumps/second) and the
intermediate motional regime (IMR, where νexch ≈ νQ).[40-43, 45] Systems in both the SML and
the FML are typified by the invariability of 2H spectra over a range of temperatures, and
over a range of echo delay periods.
Simulations of the complicated spectra produced in the IMR generally provide the
most detailed information on molecular motion, but FML spectra can also be valuable when
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References begin on page 87

Chapter 2
plausible motional models are utilized. A series of 2H SSNMR studies published by Ratcliffe
et al. provide insight into the types of motion possible in crown ethers and were of great use
in analyzing the spectra of d2-UWDM-1.[34, 35, 44] The two types of motion that have been
observed are rotation of the ring and local reorientation of the CH2 groups (e.g.,
interconverting axial and equatorial CH positions). Combinations of these two motions have
also been observed.
The EFG parameters for a 2H nucleus in an alkyl chain are generally not found to
vary substantially from CQ = 165 kHz and ηQ = 0. Therefore, in the absence of motion (or
with only slow motion, i.e., the SML), all four 2H sites in the sample should produce
essentially equivalent powder patterns representative of these parameters. The spectrum of
d2-UWDM-1 collected at 160 K can be simulated using CQ = 160(5) kHz and ηQ = 0.0(1)
(Figure 2.2.16). While the optimal match between simulation and experiment is at ηQ = 0,
given the S/N available and the presence of four 2H sites that may have slightly different
EFG tensors, the values of ηQ may be as high as 0.1. Heating the sample over the next 43 K
produces no changes in the 2H powder patterns, providing further confirmation that at 203
K and below, the 2H sites are stationary on the NMR timescale (i.e., they are in the SML).
The 2H spectrum of d2-UWDM-1 observed at 251 K (Figure 2.2.16) is different from the SML
powder patterns, and provides a clear indication of motion. The spectra collected at 251 and
276 K spectrum are indistinguishable, and are therefore analyzed as FML spectra. The
powder patterns collected at 251 K and 276 K can be reproduced by simulating as a single
effective EFG tensor, Veff, with CQ = 82.5 kHz and ηQ = 0.68. Clearly, the motion that produces
this FML Veff must be the same for all four 2H sites.
The 251 K powder pattern is similar to the high temperature pattern observed by
Ratcliffe et al. for 4-carboxy-benzo[24]crown-8 (4CB-24C8), a large crown ether for which
rotation is not possible[44]. The appearance of the powder pattern in that case was attributed
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to a jump of the CH2 moieties between two sites related by rotation about an axis
perpendicular to the CH2 plane (Figure 2.2.17-A). Because the PAS of the EFG tensor is
undoubtedly oriented such that V33 lies along (or nearly along) the C-D bond, the rotation
axis—which is perpendicular to the bond in this model—is aligned with V11. The two EFG
tensor orientations that average to yield the effective FML tensor, Veff, therefore have the
same orientation for the PAS axis associated with V11, and this element is unchanged by the
motion. However, V33 and V22, which are of opposite sign, average to form an effective tensor
with principal components:

Viieff  V11




V jjeff   cos 2 V 22   sin 2
2





V kkeff   sin 2 V 22   cos 2
2




V33
2

V33
2

where β is the jump angle.[41, 44] The three principal components of Veff are not labeled by
magnitude (as V11eff etc.) in the equation, as their designation depends on the jump angle.
Simulations of powder patterns using this model are presented in Figure 2.2.17, where the
important features are (i) the motion produces a narrowed pattern with a range of ηQ
values, (ii) each unique pattern can be produced by two jump angles, and (iii) the narrowest
possible patterns are those where Viieff is the component with the largest magnitude, i.e.,
V33eff = Viieff. A corollary to point (iii) is that the maximum pattern narrowing that can occur

is to 50% of the breadth of the stationary spectrum, given that V11 = 12 V33 in the SML EFG
for this ηQ = 0 tensor.
The 2H spectra of d2-UWDM-1 collected at 251 and 276 K are in excellent agreement
with a simulation (Figure 2.2.16) using the two-site jump model described above and a
jump angle of 77° (or equivalently 103°). The 251 K onset temperature for the FML of this
jump motion is similar to that observed in 4CB-24C8, where an FML onset temperature of
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266 K was found.[44] The 77° jump angle is also similar to that of 4CB-24C8, where the four
deuterated CH2 groups were found to undergo jumps with angles ranging from 42° to 79° at
300 K.[44] The spectrum of d2-UWDM-1 in this temperature range can be fit with a single set
of parameters, indicating that the two CH2 groups undergo the same motion (obviously, the
two deuteration sites within each such group must undergo the same jump angle in this
model). This motion could be localized to the CH2 group alone, or form part of a
conformational change involving some larger portion of the crown ether. For example, the
CH2-CH2 group reorients as a solid unit about the oxygen “hinge points” in both [18]crown6∙malonitrile and [12]crown-4∙LiNCS.[34, 35] The total picture of motion in this temperature
range is as shown in the third panel of Figure 4D: the total macrocycle is stationary, while a
relatively localized mode of motion involves both isotopically labeled CH2 groups
undergoing 2-site jumps of 77°.
Increasing the sample temperature to 324 K produces a significant difference in the
2H

powder pattern of d2-UWDM-1 (Figure 2.2.16), indicating a difference in the type of

motion present. This spectrum is also analyzed as an FML case, given that spectra collected
with 30 μs and 60 μs echo delay periods do not differ. Further evidence of the FML is
provided by the fact that the spectrum can be accurately simulated using a single effective
EFG tensor, with parameters CQ = 68 kHz and ηQ = 0.65. The SML EFG tensor, from the 160 K
data, has the three elements eQ/h(V11, V22, V33) = (

± 82.5, ± 82.5,

comparison, the averaged EFG tensor at 324 K has the three elements (

165) kHz; in

± 15.3, ± 52.7,

68) kHz. Since the two-site jump model used above is two-dimensional, it cannot provide an
explanation for the 324 K data because all three principal components of the motionally
averaged EFG tensor are altered from the static values.
Some different mode of motion must therefore be postulated to explain the 324 K
data of d2-UWDM-1. The most likely possibility is for a two-site jump to occur in
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combination with some other mode of motion. For example, the observed Veff could be
produced by the combination of a two-site jump with traversal of the C-D bond around a
cone. Another possibility for the second type of motion is rotation of the crown ether. Full
rotation can be ruled out, as full rotation about an axis of C3 or higher symmetry would
produce an axially symmetric Veff.[45, 46] However, a plausible model is for the crown ether to
undergo rotational jumps that successively place each of the six oxygen atoms into the
hydrogen bonding position with the NH group of the thread (see Figure 2.2.16). A jump that
changes the hydrogen bond by one oxygen position is estimated to require a 45° rotation of
the macrocycle, and a partial rotation, or rocking, of the macrocycle over a range of 225°
would occur in this model. It is because the oxygen atoms are only positioned on one side of
the ring that a less than full 360° rotation of the ring is produced, making for a low
symmetry motion that is consistent with the production of a Veff lacking axial symmetry.
Models using this partial rotation yield an accurate simulation of the 324 K spectrum when
combined with a 60° (or 120°) two-site CH2 jump. Specifically, site 1 of the CH2 group is
modeled with CHa and CHb oriented at angles of 5° and 114.5° from the rotation axis,
respectively; this orientation places CHa in a pseudo-axial position, while CHb is
approximately in the plane of the ring in a pseudo-equatorial position. Site 2 is related to
site 1 by a mirror plane perpendicular to the rotation axis: CHb is in the pseudo-axial
position at 175° from the rotation axis, while CHa is pseudo-equatorial at 65.5° from the
rotation axis. All attempted simulations enforced a similar mirror plane, making the angle
between the two CHa positions and the rotation axis equivalent to those for the two CHb
positions. This symmetry element ensures identical powder patterns for the two deuterons
in the CH2 group, in keeping with the single-component nature of the experimental
spectrum. The most probable description of the motion at 324 K is that depicted in the
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second panel of Figure 4D: the total macrocycle undergoes partial rotation, while the
isotopically labeled CH2 groups undergo 2-site jumps of 60°.
All of the 2H spectra of d2-UWDM-1 collected at 373 K and above are very similar,
and indicate that the FML has been reached for a different type of motion. Because the FML
pattern can be accurately simulated using a single set of EFG parameters, all four of the 2H
labeled sites must be undergoing identical motion. An effective EFG tensor is produced that
is axially symmetric and reduced to just 28% of the SML case. As discussed in the analysis of
the 324 K data, such significant spectral narrowing cannot be produced from a two-site
jump motion. This type of averaging is, however, characteristic of rotational motion of C3 or
greater symmetry. When the SML EFG tensor is axially symmetric, as it is in the present
case, the scaling is described by

CQeff /CQ = 12 (3cos2 a -1)[45, 46],

where α is the angle

between V33 and the rotation axis (Figure 2.2.18). If the C-D bonds in d2-UWDM-1 were at
different angles with respect to the rotation axis, each site would produce a differently
scaled powder pattern, see Figure 2.2.18, creating a complicated spectrum of the
superimposed patterns. The fact that the spectrum is instead indicative of a single Veff
demonstrates that a local CH2 jumping motion is creating an equivalent effective α angle for
all four 2H sites, similar to the model used to fit the 324 K (partial rotation) data. The
powder pattern in this case can be accurately simulated using a full rotation of the crown
ether in combination with 70° jumps of the CH2 group. This model of jump motion
corresponds to site 1 with a pseudo-axial CHa aligned with the rotation axis, and a pseudoequatorial CHb at 109.5°; site 2 is composed of a pseudo-equatorial CHa at 70.5°, while CHb is
pseudo-axial and collinear with the rotation axis at 180°. The temperature at which the FML
is reached for the rotation in d2-UWDM-1, ca. 373 K, is comparable to that reported for
[18]crown-6∙malonitrile, ca. 340 K[34] (assuming similar pre-exponential factors for the two
systems, this translates to an approximately 50 kJ/mol lower limit to the activation energy
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for rotation in d2-UWDM-1). The slightly (~10%) higher FML onset temperature in d2UWDM-1 may be due to the larger size and conformational flexibility of the crown ether in
d2-UWDM-1, as the FML for rotation in the smaller [12]crown-4 ring (complexed with
LiNCS) has been found to begin at an even lower temperature, ca. 240 K.[34] The motion in
d2-UWDM-1 at 373 K and above can therefore be described as shown in the top panel of
Figure 4D: the macrocycle undergoes full rotation, while the isotopically labeled CH2 groups
also undergo a relatively local orientation change that renders the four sites equivalent.

2.2.14 Solid-State NMR: Experimental Details
SSNMR spectra were acquired using a Varian Infinity Plus console and a 9.4 T
Oxford magnet at resonance frequencies of 100.5 MHz for

13C

and 61.4 MHz for 2H. All

experiments were performed using a Varian/Chemagnetics 4 mm HX MAS probe with
samples packed in zirconia rotors. Temperatures were calibrated using

207Pb

NMR spectra

of PbNO3 acquired under the same conditions, following literature methods.[47, 48]
The

13C

NMR spectra were collected using

1H-13C

variable-amplitude cross

polarization (VACP) experiments under magic-angle spinning (MAS) conditions.[49-51] Highpower (ν2 ≈ 50 kHz) two-pulse phase-modulated (TPPM) 1H decoupling was applied[52], and
spectra were referenced to the high-frequency peak of solid adamantane (under MAS) at
δiso(13C) = 38.56 ppm.[53] Optimized values of 0.3 s for the recycle delay and 0.3 ms for the
contact time were employed. An inactivated sample of UWDM-1, i.e., the hydrated form of
the material, was packed in a rotor and capped with a non-sealing cap. The sample was then
heated in situ to 175 °C under N2 gas flow to dehydrate the material before acquisition of
the VT spectra shown in Figure 4A.
2H

NMR spectra were acquired using 90°-τ1-90°-τ2-acq echo experiments with 3.5 μs

pulse lengths, 30 or 60 μs interpulse delays, and 0.05 s recycle delays. High-power CW 1H
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decoupling (ν2 ≈ 50 kHz) was applied during the acquisition period. The sample was
activated (dehydrated) under high vacuum at 100 °C for several h and packed in a 4 mm
rotor using an airtight cap under dry N2 gas. Simulations of 2H powder patterns without
motional effects were generated using WSOLIDS[54], while simulations including motion
used EXPRESS.[55]

Figure 2.2.15 - Schematic displaying the positions of the 2H isotope labels on the crown ether
in a portion of the network structure of d2-UWDM-1. The deuteration process is nonspecific
with respect to the face of the ring and the creation of cis and trans isotopomers.

83
References begin on page 87

Chapter 2

Figure 2.2.16 - A: Experimental 2H NMR powder patterns of d2-UWDM-1 as a function of
temperature; each used a 30 μs echo delay period. B: Simulations of the powder patterns
presented in A, modeled as: i) the SML, ii) FML for jumps between 2 sites 77° (or equivalently
103°) apart, iii) FML for jumps between 2 sites 60° (or 120°) combined with rotation over 225°
in 45° steps, iv) similar to iii, but with a 2-site jump of 70° (or 110°) and full rotation of the
ring; see text for a more complete description of the motional models. C: Overlay of the 2H
powder patterns of d2-UWDM-1 collected at 276 K with 30 μs (inner line) and 60 μs echo delay
periods, which shows a slight discrepancy, but one that is too small to suggest that FML
analysis is not applicable. All spectra are scaled to equal intensity for ease of comparison.

84
References begin on page 87

Chapter 2

Figure 2.2.17 - Simulated 2H powder patterns for 2-site jumps in the FML. A: Depiction of the
molecular motion associated with this model, in which the CH 2 moiety jumps between two
positions in the same plane. The position of V33, which is along the C-D bond, jumps through
the angle β. B: Simulated 2H powder patterns for the model shown in A, using a SML EFG
tensor with CQ = 165 kHz and ηQ = 0, where each unique powder pattern is labeled with the two
possible values of β that produce it.

Figure 2.2.18 - Simulated 2H powder patterns for rapid C≥3 rotation. A: Representation of the
motion associated with this model, where V33, (the C-D bond) jumps between n positions
related by a rotational symmetry axis, with n ≥ 3. The angle between the rotational axis and
each V33 position is described by α. B: Simulated 2H powder patterns exhibiting the manner in
which each α value creates a scaled-down axially symmetric EFG pattern from a SML tensor
with CQ = 165 kHz and ηQ = 0.
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2.2.15 UWDM-1(22C6)
A MIM linker with a smaller [22]crown-6 macrocycle was prepared using the same
synthetic methodology as 7 but utilizing a pentaethyleneglycol precursor with two less
carbons to create d2-MIM(22C6). Reaction of d2-MIM(22C6) with Cu(NO3)2·3H2O under exactly
the same conditions used to prepare UWDM-1 lead to an isomorphous MOF, d2-UWDM1(22C6) as exhibited by the PXRD patterns shown in Figure 2.2.19. Preliminary VT 2H SSNMR
spectra of as-synthesized material demonstrate that the smaller macrocycle is less flexible
when incorporated in the MOF. While the spectra of d2-UWDM-1 exhibit motional effects at
225 K, the spectra of d2-UWDM-1(22C6) are nearly unchanged by warming a further 70 K to
294 K. Furthermore, axially symmetric 2H spectra, which would be indicative of rapid free
rotation of the smaller macrocycle, are not observed. A more detailed characterization of
UWDM-1(22C6) is currently underway and will be reported in a forthcoming publication.

Figure 2.2.19 - A Comparison of PXRD patterns of UWDM-1 and UWDM-1(22C6).
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CHAPTER 3
3.1 Mechanically Interlocked Linkers Inside Metal-Organic
Frameworks: Effect of Ring Size on Rotational Dynamics

3.1.1

Introduction
The synthesis of mechanically interlocked molecules (MIMs)[1, 2] and the study of the

relative motion of their constituent components have resulted in a variety of molecular
rotors[3-8], shuttles[9-16], switches[17-25], and sophisticated molecular machines[26-35]. The vast
majority of these studies, however, are performed in solution where the molecules are in a
constant state of flux and are randomly dispersed. The ability to organize these molecules in
high density, while still allowing the free volume required for them to operate is a key step
in producing materials in which the physical properties of the material can be tuned at the
molecular level and potentially creating ultra-dense molecular-based memory.
The incorporation of MIMs into crystalline three-periodic coordination polymers or
metal-organic frameworks (MOFs)[36-42] allows for a high level of molecular organization. To
date, pseudorotaxane linkers, as well as a few interlocked catenane and rotaxane linkers,
have been utilized to incorporate MIMs into one-, two-, and three-periodic frameworks[43-48].
We recently reported a prototypical material UWDM-1 (University of Windsor Dynamic
Material)[49] which demonstrated the first example of a macrocyclic component of a MIM
being able to rapidly rotate inside of a MOF material. Removing solvent from the pores of
the MOF created the free volume required for the macrocyclic component of the MIM to
undergo thermally driven rapid rotation of the macrocycles, as observed directly by 2H solid
state nuclear magnetic resonances (SSNMR).
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Herein, we report the synthesis and characterization of 1) a series of MIMs utilizing
a benzyl-aniline based axle with various macrocyclic wheels, 2) a bcc-type MOF constructed
from the macrocycle free linker and CuII metal ions (demonstrating the effect the
macrocycle has on the linker, and ultimately the type of MOF obtained), and 3) an
isomorphous series of MIM in MOF materials (UWDM-1) with various sized macrocycles
and the corresponding dynamics of the macrocyclic component, as observed by 2H SSNMR.

3.1.2

Results and Discussion

MIM Synthesis and Characterization
Scheme 3.1.1 outlines the synthetic protocol for all MIMs/linkers utilized in this
study. Compound 1 contains several design features which were chosen for their
compatibility with both MIM and MOF synthesis. These design features include i) a benzylaniline based core, which can be protonated to form a benzyl-anilinium cation, which is a
known recognition site for crown ether based macrocycles[50], as well as being relatively
short and compact to minimize framework flexibility and ultimately improve the stability of
the MOF obtained, and ii) terminal diethyl 3,5-benzene-dicarboxylate groups which act as
large stoppers to prevent the macrocyclic ring from slipping off the axle, while
simultaneously improving the solubility of the axle during MIM synthesis; subsequent
hydrolysis of the ethyl esters results in terminal isophthalic acid groups which are well
known coordinating ligands in MOF synthesis[51-54].
Protonation of 1 with HBF4 produces benzyl-anilinium axle 3, which we have shown
to be a good recognition site for a ring-closing metathesis (RCM) reaction using Grubbs’s I
catalyst and a 24-membered crown ether macrocyclic precursor [55]. In order to explore the
versatility of this template and ultimately to determine what effect changing the macrocycle
size would have on the dynamics of the MIM when incorporated into a MOF, different sized
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Scheme 3.1.1 - Synthesis of MIMs and macrocycle free linker i) 2M NaOH, MeOH/THF, 24 h,
80°C ii) Grubbs’ 1st generation catalyst, MeNO2/DCM, 48h, 42°C iii) 10% Pd/C, D2, MeOH or
MeOH/THF, RT, 1-24 h iv) 2M NaOH, MeOH/THF, 24 h, 80°C.
macrocyclic precursors were used in the RCM reaction (Scheme 3.1.1). The template proved
efficient to synthesis rotaxanes (as E and Z isomers) with a smaller 22-membered
macrocycle (4-22) in 46% yield, a larger 26-membered macrocycle (4-26) in 57% yield,
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and a 24-membered macrocycle with a benzene moiety (4-B24) in 70% yield. The variation
in the yield of the RCM reaction can be thought of as a reflection of the overall strength of
the interaction between 3 and the macrocyclic precursor coupled with the ability of the
catalyst to efficiently perform the RCM reaction. This correlates with the fact that 4-24 has
the best yield (75%) when compared to 4-22, which has increased ring strain, 4-26, which
has longer more flexible terminal alkyl olefins, and 4-B24, with the benzene moiety which
pulls electron density away from the crown ether’s oxygen atoms making them slightly
weaker hydrogen bond acceptors.
Reduction of the remaining olefin group on rotaxanes 4-22, 4-24, 4-26, and 4-B24
allowed for inclusion of a deuterium (2H) tag which will be used to study the dynamics of
the macrocycle in the solid state. This was accomplished by reduction with deuterium gas
over palladium on carbon to produce rotaxanes 5-22, 5-24, 5-26, and 5-B24 in good yield
(84-90%). Figure 3.1.1 shows the 1H NMR spectrum of 5-24 and the downfield shifts of its
internal protons due to hydrogen bonding with the macrocyclic wheel in comparison to the
protonated free axle 3. Facile deprotonation of these rotaxanes was possible by dissolving
the rotaxanes in dichloromethane (DCM), followed by stirring with an aqueous sodium
bicarbonate solution to produce neutral rotaxanes 6-22, 6-24, 6-26, and 6-B24 in good
yield (90-94%). The decreased basicity of the aniline compared to secondary amine-based
rotaxanes, which are known to be difficult to deprotonate[56], was another critical design
feature to allow for removal of the original non-covalent templating interactions used to
form the [2]rotaxane. This dramatically reduces the interaction between axle and wheel,
thus maximizing the freedom of the macrocyclic component of the MIM. The 1H NMR
spectra in Figure 3.1.1 show the significant change in the chemical shifts in going from the
protonated NH2+ of 5-24 (δ = 9.82) to the neutral NH of 6-24 (δ = 5.85), corresponding to
the reduced acidity of the NH proton.
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Figure 3.1.1 – 500MHz 1H NMR (MeCN-d3) spectra of the protonated axle 3, protonated
rotaxane 5-24, neutral rotaxane 6-24, and the neutral axle 1 (from top to bottom).
After deprotonation, the initial templating interactions are essentially removed.
However, the relative strength of the residual hydrogen bonding interactions can be
observed from the shift of the NH and benzyl CH2 resonances in the 1H NMR spectra of
neutral rotaxanes 6-22, 6-B24, 6-24, 6-26, as well as neutral axle 1 (Figure 3.1.2). A trend
in the downfield shift of both the NH and benzyl CH2 resonances can be observed as the size
of the macrocycle is decreased, corresponding to an increase in the hydrogen bonding
strength between the axle and the macrocyclic ring. The 1H NMR spectrum of 6-22 exhibits
the most downfield chemical shift of the NH (δ = 6.27) and CH2 resonances (δ = 4.93), which
correlate with the short NH···O (3.18 Å, ∠(NHO) = 156°) and CH···O (3.19 Å, ∠(CHO) = 145°
and 134°) contacts in the crystal structure (Figure 3). The smaller ring size of 6-22 also
results in the aromatic groups of the axle being almost co-planar with a dihedral angle
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between the two aromatic rings of 7.6°, which seems to maximize the NH and CH2
interactions with the 22-membered macrocycle.

Figure 3.1.2 – 500MHz 1H NMR spectra in DCM-d2 showing NH (triplet) and CH2 (doublet)
resonances of neutral rotaxanes 6-22, 6-B24, 6-24, 6-26, and neutral axle 1 respectfully from
top to bottom, residual DCM solvent peak omitted for clarity.
Increasing the macrocycle size by two atoms in 6-24 results in an upfield shift of the
NH (δ = 5.90) and CH2 resonances (δ = 4.83) corresponding to reduced hydrogen bonding in
comparison to 6-22. The crystal structure of 6-24 shows a NH···O interaction of 3.09 Å,
∠(NHO) = 177° and a single long CH···O distance of 3.49 Å, ∠(CHO) = 147°. In comparison,
while 6-B24 also has a 24-membered macrocycle, the addition of the pendent benzene
moiety reduces the flexibility of the macrocycle and results in slightly downfield shifts of the
NH (δ = 5.85) and CH2 resonances (δ = 4.74), which correlates with the shorter NH···O (3.05
Å, ∠(NHO) = 136°) and CH···O (3.42 Å, ∠(CHO) = 138°) distances in the crystal structure
(Figure 3.1.3). In addition, the larger 24-membered macrocycles have much larger dihedral
angles between the aromatic substituents on the axle, becoming almost perpendicular in 697
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24 and 6-B24, with dihedral angles of 63° and 84°, respectively (Figure 3.1.3). In
comparison, 6-26, which has the largest 26-membered macrocyclic ring, shows the most
upfield chemical shifts of the NH (δ = 5.69) and CH2 (δ = 4.61) resonances, corresponding to
the weakest hydrogen bonding interactions between the macrocycle and the axle (Figure
3.1.2).

Figure 3.1.3 - Ball-and-stick representations of the X-ray structures of neutral rotaxanes 622, 6-24, and 6-B24, from left to right. Dashed lines show hydrogen bonding interactions
within 3.20 Å. Color key: C = black, O = red, N = blue, H = grey
Analysis of the spectroscopic and structural data of these ethyl ester MIMs allows
for a better understanding of the non-covalent interactions that must be broken in order for
the macrocyclic component to rotate about the axle when incorporated into MOFs.
Hydrolysis of the ethyl ester groups of 5-22, 5-24, and 5-B24 results in tetracarboxylic acid
MIM linkers 7-22, 7-24, and 7-B24 (Scheme 3.1.1). However, when 5-26 was subjected to
hydrolysis, the loss of the ethyl esters resulted in unthreading of the 26-membered
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macrocyclic ring from the axle; indicating that isophthalic acid is not a sufficiently large
enough stopper for the 26-membered macrocycle.

MOF Synthesis and Characterization
In order to determine what effect, if any, the macrocyclic ring has on the MOF
topology obtained, naked linker 2 was prepared by hydrolysis of 1, see Scheme 3.1.1. Linker
2 was then combined with Cu(NO3)2·H2O in a 3:2:2 mixture of DMF/EtOH/H2O with two
drops of HNO3 and heated to 65 °C for 48h in a temperature-controlled oven (Scheme 3.1.2).
This resulted in a green crystalline material that has been designated as UWCM-1
(University of Windsor Crystalline Material).

Scheme 3.1.2 - When linkers 2, 7-22, 7-24, and 7-B24 are used under identical synthetic
conditions, naked linker 2 produces a bcc-type MOF topology (UWCM-1), while MIM linkers 722, 7-24, and 7-B24 form isomorphous NbO type MOFs UWDM-1(22), UWDM-1(24) and
UWDM-1(B24).
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Analysis of UWCM-1 by single crystal X-ray diffraction showed the material to have
formula [Cu6(2)3(DMF)4(H2O)2]·(DMF)x, and crystalize in tetragonal space group I4/m,
(yield 77%). The terminal 1,3-benzenedicarboxylate groups of linker 2 coordinate to the
CuII metal ions to form dimeric CuII paddlewheel units (Figure 3.1.4a), which assemble into
cuboctahedral cages (nanoballs)[57, 58] consisting of 12 paddlewheel units comprising 24 CuII
ions and 24 isophthalate groups, with an internal diameter of 16.0Å between metal centers.
The nanoballs can be described as possessing small rhombihexahedron topology and Oh
symmetry[59] arising from the twelve square paddlewheel units which generate eight
triangular windows (Figure 3.1.4b) and six square windows (Figure 3.1.4c).[60, 61]

Figure 3.1.4 – a) Ball-and-stick representation of the major geometric isomer of naked linker
2 within UWCM-1, coordinated to four paddlewheel units, hydrogen atoms and coordinated
solvent molecules omitted for clarity. Color key: C = black, O = red, N = blue, Cu = green. b) View
down one of the eight triangular windows of a nanoball, consisting of 12 CuII paddlewheel
units and 24 isophthalate groups. c) View down one of the six square windows of a nanoball.
Skeleton of the nanoball shown with gold bonds while linking of the internal Cu II ions results in
a cuboctahedron represented by gold panels.
It has previously been shown that flexible linkages at the 5-position between 1,3benzenedicarboxylate moieties results in cross-linked nanoball MOFs in which connections
are made via the six square windows, resulting in a primitive cubic pcu net[58, 59, 62, 63]. In
these MOFs, four linkages are made at each of the 6 square windows to satisfy the 24
possible connections. It was previously stated in the literature that of the 24 possible
connections, double connections between nanoballs were unlikely because of the
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orientation of the decoration sites[58]; however, UWCM-1 accomplishes just this. Each Cu24
nanoball is connected to its 12 nearest neighbors via two links, resulting in a noninterpenetrated 12-connected net. This is made possible by the fact that there are two
crystallographically independent linkers of 2 which occur in a 2:1 ratio. The major
geometric isomer is severely bent (Figure 4a) and makes two links to each of the four
nanoballs, above and below the plane for a total of 16 links (Figure 3.1.5). The minor
geometric isomer is less bent and makes two links to each of the four nanoballs in the plane,
resulting in the remaining 8 links to satisfy all 24 possible linkages. The overall packing of
the Cu24 nanoballs can be described as body-centered cubic bcc, in which each nanoball is
connected to four other nanoballs above and four below (25.2 Å between nanoball centers),
in addition to 4 slightly elongated contacts in plane (26.1 Å between nanoball centers),
resulting in connections to 12 other nanoballs to form a unique 12-connected net.

Figure 3.1.5 - View down the c-axis of UWCM-1, depicting how the central nanoball (yellow)
is linked to four nanoballs above the plane (red, blue, orange, and purple) via the major isomer
of 2, while the minor isomer of 2 links nanoballs which fall in the same plane (red, blue,
orange, and purple). Cu metal ions are shown in green, and links between nanoballs are shown
in black (right). A schematic showing how the nanoballs (depicted as cuboctahedra) are linked
to form a body-centered cubic 12-connected net (left).
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Within the structure of UWCM-1, the square window openings of the nanoballs
align to form channels along the c-axis with a diameter of 11.2 Å (Figure 3.1.5). DMF and
water solvent molecules occupy the axial coordination sites on the Cu2 paddlewheel units,
resulting in the interior sites of each nanoball containing eight coordinated DMF molecules
and four coordinated water molecules, while the exterior sites also coordinate to eight DMF
molecules and four water molecules. Removal of axial and interstitial solvent molecules
results in a solvent accessible volume of 68% as calculated by PLATON[64, 65].
In contrast to the MOF formed when naked linker 2 was utilized, the use of MIM
linker 7-24, combined with Cu(NO3)2·H2O under exactly the same synthetic conditions,
leads to the formation of UWDM-1(24) in 75% yield. Single crystal X-ray diffraction of
UWDM-1(24) determined the formula to be [Cu2(7-24)(H2O)2]·3(H2O) in hexagonal space
group R ̅ . The terminal 1,3-benzenedicarboxylate groups of 7-24 coordinate to CuII metal
ions to form dimeric Cu2 paddlewheel units (Figure 3.1.6), which assemble into distorted
octahedral cages consisting of 6 paddlewheel units, comprising 12 CuII ions, with an internal
diameter of 12.4Å between metal centers (Figure 3.1.6). The overall topology of the
framework is a rare β-phase of NbO topology[66]. In comparison to MOFs, which form the αphase of NbO, a unique feature of the β-phase is that it results in larger pores along the caxis, maximizing the distance between the bulky macrocyclic rings of MIM linker 7-24. This
may be a driving force for the formation of the β-phase, as no α-phase has been observed to
form with any of the MIM linkers. The macrocyclic component of the MIM linker also works
to rigidify the flexible -NHCH2- link between isophthalate groups. While flexible linkages at
the 5-postions of isophthalate groups are known to result in linked nanoball structures
similar to UWCM-1, rigid aromatic linkers are known to result in NbO type MOFs[51-54]
similar to UWDM-1(24).
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Figure 3.1.6 - Ball-and-stick representation of MIM linker 7-24 coordinated to four
paddlewheel units in UWDM-1(24), hydrogen atoms and solvent molecules omitted for clarity.
Color key: C = black, O = red, N = blue, Cu = green (left). Stick representation of the distorted
octahedral cage consisting of six CuII paddlewheel units with macrocycles omitted, and with
macrocycles (upper right). View down the c-axis of UWDM-1(24) depicting the hexagonal
shaped channels, framework shown in blue, macrocycles in red and CuII metal ions in green,
hydrogen atoms and solvent molecules omitted for clarity (bottom right).
MIM linker 7-24 is disordered end-to-end with 50:50 site occupancy due to the
similarity of the N and C-atoms in the –NHCH2- link, and the random and irreversible nature
of metal-ligand bond formation during crystallization. The small amount of void space
within the structure (11%) is occupied by interstitial water molecules in addition to those
bound to the axial sites on the paddlewheel units. The stability of UWDM-1(24) was
determined by thermogravimetric analysis (TGA) and variable-temperature powder X-ray
diffraction (PXRD), which showed the material to be stable up to ~200 °C.
It was unknown whether the smaller size of the 22-membered ring of MIM linker 722 or the bulker size of the benzo-24-membered ring of MIM linker 7-B24 would affect the
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type of MOF topology obtained. Fortunately, under the same synthetic conditions, altering
the ring size resulted in formation of UWDM-1(22) (77% yield) and UWDM-1(B24) (67%
yield) which exhibited the same MOF structure as UWDM-1(24), as shown by PXRD (Figure
3.1.7).

Figure 3.1.7 - PXRD of UWCM-1, UWDM-1(22), UWDM-1(24), UWDM-1(B24) and simulated
powder pattern from the crystal structure of UWDM-1(24) (top to bottom).
Interestingly, while large single crystals of UWDM-1(22) were easily grown and
analyzed by single crystal x-ray diffraction (identical unit cell parameters to UWDM-1(24)),
only microcrystalline powder samples of UWDM-1(B24) were obtained, under identical or
even different synthetic conditions. Analysis by scanning electron microscopy (SEM)
revealed that UWDM-1(B24) formed small microcrystalline rosettes (see experimental). It
may be possible that the bulky size of the benzo-24-membered macrocycle results in defects
during the crystallization process, preventing the formation of larger crystals. However, this
could also be attributed to a simple difference in solubility between linkers, due to the
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additional aromatic substituent on the macrocycle in MIM linker 7-B24. Analysis of UWDM1(22) and UWDM-1(B24) by TGA and PXRD showed the materials to have similar stability to
UWDM-1(24).

Dynamics of the UWDM-1 Series in the Solid State
The macrocycles in the UWDM-1 series were prepared with deuterium labels
through the additions of D2 to the double bond (Scheme 3.1.1). These MOF materials were
then probed by 2H SSNMR to determine the types of motion each macrocyclic ring was
undergoing. In this section, a detailed description of the motional models that were
previously proposed (Chapter 2) for UWDM-1(24) is given[55], then the dynamics of the new
UWDM-1(22) and UWDM-1(B24) are discussed, compared, and contrasted with those of
UWDM-1(24).
2H

SSNMR is aptly suited to the study of dynamics on the molecular level and can

provide detailed information on the modes of motion and their respective rates [67, 68]. Three
motional regimes are defined based on the relative magnitudes of the 2H quadrupolar
frequency (νQ) and the exchange rate (νex): the slow motion limit (SML), where rates are
<103 Hz, the intermediate motion regime (IMR), where rates are between 104 and 107 Hz,
and the fast motion limit (FML) where rates are >107 Hz. The powder patterns
corresponding to rates in the SML and FML can be modelled using motionally averaged 2H
electric field gradient (EFG) tensors and are invariant to changes in both echo spacing and
temperature. Motions with rates in the IMR produce complex powder patterns that change
with echo spacing and temperature, and simulations require the use of a rate matrix.
The dynamics of UWDM-1(24) have been previously reported[49], however, the
modes of motion are reviewed here as they are relevant to the discussion of the dynamics of
UWDM-1(22) and UWDM-1(B24). The variable temperature 2H SSNMR spectra, simulations
105
References begin on page 140

Chapter 3
and depictions of the modes of motion in UWDM-1(24), UWDM-1(22), and UWDM-1(B24) are
depicted in Figure 3.1.8.

β

β
γ

β
γ

Figure 3.1.8 - Schematic representation of the possible modes of motion of the macrocyclic
rings within the UWDM-1 series, a) no motion of the macrocyclic ring, b) two-site jump of the
CD2 groups, c) partial rotation of the macrocycle about the six ether oxygen atoms within the
ring, in addition to the two-site jump of the CD2 groups, d) full rotation of the macrocyclic ring,
in addition to the two-site jump of the CD2 groups. Experimental 2H VT SSNMR powder
patterns (blue) and corresponding analytical simulations (red) for (e) UWMD-1(24) where (i)
motions are occurring at rates within the SML and do not affect the appearance of the powder
pattern, (ii) two-site jumps through an angle of 77°, (iii) two-site jumps through 60° combined
with partial rotation of the ring in 45° steps through 225°and (iv) two-site jumps through 70°
combined with full, rapid rotation of the ring, (f) UWMD-1(22) where (i) motions are at rates
within the SML and do not affect the appearance of the powder pattern, (ii) two-site jumps of
the deuterons through an angle of 65° with rates in the IMR, (iii) two-site jumps with the onset
of partial rotation of the ring in 50° steps through 250° and (iv) two-site jumps and partial
rotation occurring at rates within the FML and (g) UWDM-1(B24) where (i) motions are at
rates within the SML and do not affect the appearance of the powder pattern, (ii) two-site
jumps through an angle of 60°, (iii) two-site jumps through an angle of 65°, and (iv) two-site
jumps through an angle of 75°.
The low-temperature spectrum of UWDM-1(24) acquired at 160 K was simulated as
a single site with quadrupolar parameters: CQ = 160(5) kHz and ηQ = 0.0(1); these
parameters are typical for a deuteron bonded to a carbon atom in an alkyl group. The
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spectrum was simulated with rates in the SML, and therefore, the motion does not influence
the appearance of the powder pattern. Increasing the temperature to 225 K produces no
appreciable changes in the powder patterns. The spectrum acquired at 251 K is drastically
different from the lower temperature spectra, and this was simulated based upon a two-site
jump of the deuteron through an angle of 77°. The two-site jump mode of motion consists of
the deuterons of the CD2 groups jumping between two positions that are related by a
rotation through an angle β about an axis that is perpendicular to the plane of the CD 2
moiety and produces powder patterns that are dependent on β.[69, 70] The spectrum acquired
at 324 K could not be simulated using solely the two-site jump model, and instead, was
simulated using the partial rotation model, combined with two-site jumps with β = 60°. The
partial rotation model consists of the macrocyclic ring rotating about an axis that is
perpendicular to the ring in steps separated by the angle γ. The jumps are made only to
adjacent sites that allow for the interaction of the hydrogen bond donor on the axle with the
oxygen atoms on the ring. The high-temperature spectrum collected at 480 K is axially
symmetric (i.e., ηQ = 0) and cannot be simulated with the partial rotation model, but instead
was simulated as full rotation[71], combined with two-site jumps with β = 60°. The
macrocyclic ring is no longer constrained to making jumps between adjacent oxygen atoms
on the ring, but now has enough energy to jump through the alkyl portion, in either
direction. The full-rotation was simulated with rates within the FML, and while it is difficult
to comment on the relative rates of the full rotation and two-site jump motional models, it is
postulated that the latter is occurring at a higher rate, due to its significantly lower onset
temperature.
To determine whether a smaller macrocyclic ring size would result in a more
constrained (i.e., less mobile) ring, or if the larger free volume resulting from the smaller
ring size would in fact result in a less constrained (i.e., more mobile) ring, VT 2H SSNMR
107
References begin on page 140

Chapter 3
experiments and analytical simulations of UWMD-1(22) were undertaken (Figure 3.1.8f).
The spectrum acquired at 192 K was simulated as a single site and as the static case where
any motions that are occurring are at rates within the SML. Increasing the temperature
produces subtle changes in the powder patterns; this was simulated by considering the twosite jump mode of motion with β = 65° and rates within the IMR. The rates of the two-site
jump continue to increase as the temperature is raised, with the onset of the FML at 318 K.
The spectra acquired at temperatures of 276 K and above were simulated with the onset of
partial rotation combined with the two-site jumps. The smaller macrocyclic ring size in this
system means that the six rotation sites, corresponding to the different hydrogen-bonding
oxygen atoms, are separated by a larger angle with respect to the rotation axis (i.e., γ = 50°
for UWMD-1(22) and 45° for UWDM-1(24). The spectra acquired at 276 and 297 K were
simulated with rates in the IMR for both the two-site jumps and partial rotation modes. The
FML for the two-site jump is reached at 318 K, whereas the rates for the partial rotation
continue to increase until the FML is reached at 424 K. It is noted that there is no evidence
for full rotation when the high-temperature limit is reached, as the spectrum is not axially
symmetric.
UWDM-1(B24) incorporates a bulky benzo[24]crown-6 macrocycle, which is thought
to have significantly hindered motion in comparison to the previous two systems. Ratcliffe
et al. examined a similar system in their study of the dynamics in carboxybenzo[24]crown-8
and its KNCS complexes[70], where they found that rotation is not possible, and the only
motion present is two site jumps with jump angle increasing with temperature. A similar
model was used in the simulation of the dynamics of UWDM-1(B24) (Figure 3.1.8g). The
spectra acquired at 171 and 198 K were simulated with rates within the SML, whereas the
spectrum acquired at 213 K shows subtle changes in comparison to the lower temperature
spectra and was simulated with the onset of the two-site jump motion. The spectra up to
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276 K were simulated with rates within the IMR and a jump angle of 60°. The FML for the
two-site jump was reached at 297 K with a jump angle of 60°. Increasing the temperature
further results in an increase in the jump angle, and the high-temperature spectrum
acquired at 424 K was simulated with a jump angle of 75° and rates in the FML. There was
no evidence of rotation, either partial or full, for this system.
It is now useful to comment on the effect of ring size on the dynamics in the UWDM1 series. The macrocycles in UWDM-1(24) are certainly the most mobile of the series
studied, indicating that the [24]crown-6 macrocycle provides both ample free volume and
limited interaction with the axle. The FML for the two-site jump motion is reached at
approximately 251 K, partial rotation at 324 K and full rotation at 423 K and above. In
comparison, for the smaller 22-membered ring inside UWDM-1(22) the FML for the two-site
jump motion is not reached until 318 K, which is almost 70 K higher than for UWDM-1(24).
The higher onset temperature and smaller jump angle suggests the smaller macrocyclic ring
in UWDM-1(22) is undergoing a much more hindered motion than that of the [24]crown-6
macrocycle. This claim is further substantiated when the partial rotation model is
considered. The onset of partial rotation occurs at 276 K, similar to UWDM-1(24), and the
FML is reached by about 400 K. The spectrum acquired in the high-temperature limit (424
K) was also simulated using the partial rotation model and there is no evidence of full
rotation. This is in contrast to UWDM-1(24), where evidence of full rotation is manifested in
the spectrum acquired at 423 K. The hindered two-site jump motion, in addition to no
evidence of full rotation, clearly indicates that the larger free volume afforded by a smaller
ring size is counteracted by the tighter fit of the macrocyclic ring around the axle.
The macrocycle in the UWDM-1(B24) species fits around the axle in a similar manner
to that in UWDM-1(24); however, the bulky phenyl substituent greatly reduces the free
volume and increases interactions between the macrocyclic ring and the framework.
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Therefore, it was postulated that the motion in this species would be greatly encumbered
and be akin to what was observed by Ratcliffe

et al. in their study of

carboxybenzo[24]crown-8.[70] The only motion observed for this species was the two-site
jump with the FML being reached at about 297 K. The higher temperature for the onset of
the FML in comparison to that of UWDM-1(24) suggests that the bulkier macrocyclic ring
significantly hinders the conformational changes in the ring associated with the two-site
jump. Furthermore, the absence of rotation (either partial or full) highlights the restricted
nature of the macrocyclic ring in this species.
The three distinct motional modes in the UWDM-1 series occur in sequential stages.
While it may be desirable to calculate activation energies for each of the individual modes of
motion, this is difficult for these systems due to the presence of multiple, simultaneous
modes of motion occurring at different rates. The first mode of motion that occurs in all
systems is the two-site jump, with the FML being reached at 251, 318 and 297 K for UWDM1(24), UWDM-1(22), and UWDM-1(B24), respectively. The onset temperature of the two-site
jump motion is dependent on both the fit of the macrocycle around the axle and the overall
steric bulk of the macrocyclic ring. Second, provided there is sufficient free volume, partial
rotation occurs and the jump angle depends on the size of the ring. This mode of motion
occurs for both UWDM-1(24) and UWDM-1(22) with FML temperatures of 324 and 424 K,
respectively. Finally, only for the [24]crown-6 macrocycle in UWDM-1(24), is full rotation of
the ring possible, with the FML being reached at 423 K, indicating that the motion of this
macrocycle is the most mobile of the series.
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3.1.3

Conclusion
We have synthesized a series of MIMs utilizing a RCM reaction around the same

anilinium-based axle (3) with different macrocyclic rings, 22C6, 24C6, 26C6, and B24C6.
Hydrolysis of the ester groups of MIMs 5-22, 5-24, 5-26, and 5-B24 produced
tetracarboxylate MIM linkers 7-22, 7-24, and 7-B24. Conversion of the four ethyl ester
groups into carboxylic acids in MIM 5-26 resulted in unthreading of the 26-membered
macrocyclic ring, indicating that isophthalic acid is not a sufficiently large stoppering group
for a 26-membered macrocycle.
In addition, a macrocycle free linker was synthesized (2), and when combined with
CuII metal ions under synthetic conditions that were identical to those used to form UWDM1(24), was shown to form UWCM-1, a bcc-type MOF, consisting of CuII nanoballs linked in a
unique 12-connected net. This demonstrates the effect the macrocyclic component has on
the flexibility of the linker, as the ring acts to rigidify the flexible -NHCH2- link between
isophthalate groups rigidifying the linker and ultimately changes the type of MOF obtained.

Figure 3.1.9 - Drawing representing the thermally reversible ring rotation within UWDM1(24).
For MIM linkers 7-22, 7-24 and 7-B24 an isomorphous series of MIM in MOF
materials UWDM-1(22), UWDM-1(24), and UWDM-1(B24) with various sized macrocycles were
created. The MOF skeleton in the UWDM-1 series forms a rare β- phase of NbO-type
topology and provides a unique platform to study the motion of different macrocyclic rings
within the same solid-state environment. Labeling of each macrocyclic ring with a
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deuterium tag allowed for analysis with variable temperature 2H SSNMR to determine the
types of motion each macrocyclic ring is undergoing over a range of temperatures. We have
previously shown that three distinct motional modes exist in the UWDM-1(24), two-site
jump of CD2 groups, partial rotation of macrocyclic ring, followed by full rapid rotation of
the ring, reaching the FML at 251, 324 and 423 K respectively. Analysis of UWDM-1(22) by
variable temperature 2H SSNMR showed the 22-membered ring reaches the FML of the twosite jump at 318 K and partial rotation at 424 K with no evidence of full rotation at higher
temperature. The FML of the two-site jump and partial rotation in this system occurs at
temperatures 67 and 100 K higher than the 24-membered ring. This is consistent with the
increased hydrogen bonding interactions between the 22-membered macrocyclic ring and
the axle, as seen in the solution 1H NMR spectra and the crystal structure of 6-22, resulting
in a less mobile system in the solid state, which does not undergo full rotation. In
comparison, analysis of UWDM-1(B24) by variable temperature 2H SSNMR showed the
system to reach the FML for the two-site jump at 297 K, and showed no evidence of full or
partial rotation. While solution 1H NMR spectra of 6-B24 and the crystal structure show
similar hydrogen bonding interactions, when the bulky benzo group of the macrocycle is
placed inside UWDM-1(B24), the benzo groups act as a molecular break, preventing rotation
of the macrocycle inside the material.
We have successfully been able to create an isomorphous series of MIM in MOF
materials in which each material exhibits different degrees of motion of the macrocyclic
ring. While these systems are under thermal control, which can be used to start and stop
rotation of the macrocycles within the framework (Figure 3.1.9), the future of this research
will focus on developing systems which can be controlled photo or electrochemically and to
create systems with cooperative motion in an effort to create functional molecular
machines within MOFs.
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3.2 Experimental
3.2.1

General Comments

All chemicals were purchased from Aldrich and used as received. Deuterated solvents
were obtained from Cambridge Isotope Laboratories and used as received. Solvents were
dried using an Innovative Technologies Solvent Purification System. Thin layer
chromatography (TLC) was performed using Teledyne Silica gel 60 F254 plates and
viewed under UV light. Flash Column chromatography was performed using Silicycle
Ultra- Pure Silica Gel (230 – 400 mesh).

1H,

13

C, and all 2-D NMR solution

experiments were performed on a Brüker Avance 500 instrument, with working
frequencies of 500.1 MHz for 1 H nuclei and 125.7 MHz for

1 3 C.

Chemical shifts are

quoted in ppm relative to tetramethylsilane using the residual solvent peak as a reference
standard. High resolution mass spectrometry (HR-MS) experiments were performed on a
Micromass LCT electrospray ionization (ESI) time-of-flight (ToF) mass spectrometer.
Solutions with concentrations of 0.001 molar were prepared in methanol and injected for
analysis at a rate of 5 µL/min using a syringe pump. All single crystal X-ray data were
collected on a Brüker D8 Venture diffractometer, equipped with a PHOTON 100 detector,
Kappa goniometer, and collected using a Mo sealed tube source or a Cu high brilliance IμS
microfocus source. Crystals were frozen in paratone oil inside a cryoloop and reflection
data were integrated using APEX II software. Powder XRD measurements were recorded
on a Brüker D8 Discover diffractometer equipped with a GADDS 2D-detector and
operated at 40 kV and 40 mA. CuKα radiation (λ = 1.54187 Å) was used and the initial
beam diameter was 0.5 mm. Thermal gravimetric analyses were conducted on a Mettler
Toledo TGA SDTA 851e instrument. Helium (99.99%) was used to purge the system with a
flow rate of 30 mL/min. Samples were held at 25 °C for 30 min before heating up to 550 °C
at 5 °C/min.
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3.2.2

Synthesis of 2

Figure 3.2.1 - Compound 2
1(625 mg) was dissolved in a 2:1 mixture of MeOH/THF (20 mL) to which 2M NaOH (7mL)
was added. The solution was refluxed at 80 °C for 24 h after which the non-aqueous solvent
was removed with a rotary evaporator. To the remaining solution distilled water (10 mL)
was added and the solution was acidified dropwise to pH= 4 to yield a white precipitate.
The solid was slowly filtered and washed with fresh water and then Et2O several times and
left to dry. Yield (430 mg 91%). MP Decomposition >220 °C. 1H NMR (500 MHz, DMF-d7): δ
= 13.47 CO2H(s, 4H), 8.54 f(s, 1H), 8.33 e(s, 2H), 7.92 a(s, 1H), 7.58 b(s, 2H), 7.04 c(t, 1H, 3J =
6.0 Hz ), 4.67 d(d, 2H, 3J = 6.0 Hz )

13C

NMR (500 MHz, DMSO-d6): δ = 167.1, 166.6, 148.7,

141.1, 131.9, 131.8, 131.6, 128.6, 117.8, 116.5, 45.6. HR-MS (ESI-TOF): Calculated for
[M+H]+ [C17H14NO8]+ m/z = 360.0714; found m/z = 360.0713.

114
References begin on page 140

Chapter 3
3.2.3

Synthesis of Pentaethylene glycol di-but-4-enyl ether

Figure 3.2.2 - Compound Pentaethylene glycol di-but-4-enyl ether
NaH in 60% mineral oil (4.39g, 0.183 mol) was slowly added to dry THF (120 mL) under
nitrogen at 0°C (ice bath). 3-butene-1-ol (13.2g, 0.183mol) was then slowly added to the
reaction mixture and allowed to stir for 1h. 1,14-Ditosyl-3,6,9,12-tetraoxatetradecane[72]
(10.0g, 0.0183mol) was dissolved in THF (60 mL) and added slowly to the reaction mixture
via a syringe. The reaction mixture was allowed to warm up to room temperature and
stirred for 48h, after which the reaction was quenched with water (100 mL). The nonaqueous solvent was removed via a rotary evaporator and a two layer extraction was
performed using chloroform (3 x 100 mL) and H2O. The aqueous phase was discarded and
the organic layer was washed with 1M HCl (2 x 100 mL), dried over MgSO4, and the solvent
removed to yield a light yellow oil. The product was purified by column chromatography
(60/40, EtOAc/Hexane) to yield a colorless oil, 4.0g, 64%. Rf = 0.4. 1H NMR (500 MHz, DCMd2): δ = 5.81 b(m, 2H), 5.03 a(m, 4H), 3.56 e,f,g,h,i(m, 20H), 3.48 d(t, 4H, 3J = 6.5 Hz), 2.31
c(m, 4H). 13C NMR (500 MHz, DCM-d2): δ = 136.0, 116.4, 71.0, 71.0, 70.6, 34.7. HR-MS (ESITOF): Calculated for [M+H]+ [C18H35O6]+ m/z = 347.2434; found m/z = 347.2431.
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3.2.4

Synthesis of 4-22

Figure 3.2.3 - Compound 4-22
Pentaethylene glycol di-but-4-enyl ether (0.93g 2.7mmol) and 3 (1.00g 1.79 mmol) were
dissolved in DCM (85 mL) and NO2Me (5 mL) under an N2 atmosphere. To this solution
Grubbs I catalyst, RuCl2(=CHPh)(PCy3)2 (73 mg, 5 mol%) was added and the mixture was
heated to 42 °C for 48h, more catalyst was added in 5 mol% portions over 48h to a total
amount of 20 mol%. After 48h the solvent was removed via a rotary evaporator and place
on a vacuum pump to remove any residual solvent. The residue was dissolved in a minimal
amount of chloroform and precipitated upon addition of Et2O (100 mL). The solid was
washed with fresh Et2O (100 mL) and dried to yield the product (E/Z mixture) as an off
white solid, yield (0.73g, 46%). This compound was employed directly in the next step
without further purification. MP 186 °C. 1H NMR (500 MHz, DCM-d2): (Major Isomer) δ =
9.73 e(broad, 2H), 8.83 a(s, 1H), 8.74 h(s, 1H), 8.65 b(s, 2H), 8.49 g(s, 2H), 5.27 f(m, 2H),
5.22 r(s, 2H), 4.45 c,i(q, 8H, 3J = 7.0 Hz), 3.8-3.3 k,l,m,n,o,p(m, 24H), 2.01-1.85 q(m, 4H),
1.45 d,j(t, 12H, 3J = 7.0 Hz).

13C

NMR (500 MHz, DCM-d2): (Major Isomer) δ = 165.5, 164.6,

136.2, 134.7, 133.7, 133.5, 132.4, 132.2, 131.5, 130.5, 129.0, 72.2, 71.97, 71.9, 71.5, 71.3,
71.0, 62.8, 62.3, 53.6, 28.6, 14.7. HR-MS (ESI-TOF): Calculated for [M+H]+ [C41H60NO14]+ m/z
= 790.4014; found m/z = 790.4006.
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3.2.5

Synthesis of 5-22

Figure 3.2.4 - Compound 5-22
Pd/C 10wt% (80 mg) was added to 4-22 (665 mg) dissolved in MeOH (80 mL). A slight
vacuum was applied to the reaction mixture until boiling of the solvent was observed. The
reaction vessel was flushed with D2, introduced via a balloon, and the mixture stirred
vigorously for 24 h under ambient conditions. The mixture was filtered through Celite and
evaporated on a rotary evaporator to yield a white crystalline solid, yield (600 mg, 90%).
This compound was employed in the next step without further purification. MP 185 °C. 1H
NMR (500 MHz, DCM-d2): δ = 9.92 e(s, 2H), 8.83 a(s, 1H), 8.77 h(s, 1H), 8.67 b(s, 2H), 8.57
g(s, 2H), 5.30 f(m, 2H), 4.47 c,i(q, 8H, 3J = 7.0 Hz), 3.82-3.61 k,l,m,n(m, 16), 3.47-3.24 o,p(m,
8), 1.44 d,j(t, 12H, 3J = 7.0 Hz), 1.3-1.1 q,r(m, 6H/2D).

13C

NMR (500 MHz, DCM-d2): δ =

165.5, 164.5, 136.0, 135.3, 133.8, 133.0, 132.6, 132.4, 132.0, 128.8, 72.8, 71.8, 71.4, 71.4,
71.2, 70.9, 62.8, 62.4, 52.9, 29.6, 25.6 (broad due to deuterium label), 14.7. HR-MS (ESITOF): Calculated for [M+H]+ [C41H60D2NO14]+ m/z = 794.4296; found m/z = 794.4282.
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3.2.6

Synthesis of 6-22

Figure 3.2.5 - Compound 6-22
5-22 (50 mg) dissolved in DCM (3 mL) was added to an aqueous saturated sodium
bicarbonate solution (3 mL) was added to form a heterogeneous mixture. The mixture was
stirred for 1h at room temperature after which the aqueous phase was removed and the
organic phase washed twice with H2O (3 mL). The organic phase was then dried over MgSO4
and evaporated to yield 6-22 as a white solid, yield (46 mg, 92%). MP 98 °C. 1H NMR (500
MHz, DCM-d2): δ = 8.65 g(d, 2H, 4J = 1.5 Hz), 8.53 h(t, 1H, 4J = 1.5 Hz), 7.80 a(t, 1H, 4J = 1.5
Hz), 7.76 b(d, 2H, 4J = 1.5 Hz), 6.27 e(t, 1H, 3J = 5.0 Hz), 4.93 f(d, 2H, 3J = 5.0 Hz), 4.39 i(q, 4H,
3J

= 7.0 Hz), 4.35 c(q, 4H,, 3J = 7.0 Hz), 3.70-3.27 k,l,m,n,o,p(m, 24H), 1.41 j(t, 6H, 3J = 7.0 Hz),

1.39 d(t, 6H, 3J = 7.0 Hz), 1.3-1.1 q,r(m, 6H/2D).

13C

NMR (500 MHz, DCM-d2): δ = 167.6,

166.8, 151.2, 142.9, 136.1, 131.2, 130.7, 128.9, 119.0, 116.8, 71.8, 71.7, 71.7, 71.6, 71.6, 71.2,
61.6, 61.2, 46.9, 29.4, 25.6 (broad due to deuterium label), 14.8, 14.8. HR-MS (ESI-TOF):
Calculated for [M+H]+ [C41H60D2NO14]+ m/z = 794.4296; found m/z = 794.4282.
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Synthesis of 7-22

Figure 3.2.6 - Compound 7-22
5-22 (500 mg) was dissolved in a 2:1 mixture of MeOH/THF (15 mL) to which 2M NaOH (5
mL) was added. The solution was refluxed at 80 °C for 24 h after which the non-aqueous
solvent was removed with a rotary evaporator. To the remaining solution distilled water (5
mL) was added, and the solution was acidified dropwise with 1M HCl to pH= 4 to yield a
white precipitate. The solid was slowly filtered and washed with pH= 4 water and then Et2O
several times and left to dry under vacuum, yield (350 mg, 91%). MP Decomposition >225
°C. 1H NMR (500 MHz, DMF-d7): δ = 13.2 CO2H(b, 4H), 8.73 e(s, 2H), 8.60 f(s, 1H), 7.91 b(s,
2H), 7.90 a(s, 1H), 6.36 c(b, 1H), 5.04 d(d, 1H), 3.8-3.2 g,h,i,j,k,l(m, 24H), 1.35 n(m, 2H/2D),
1.20 m(m, 4H). 13C NMR (500 MHz, DMSO-d6): δ = 167.9, 167.1, 150.2, 141.9, 135.1, 130.6,
130.4, 128.2, 118.3, 116.3, 70.6, 70.4, 70.2, 70.0, 46.0, 28.1, 24.5. HR-MS (ESI-TOF):
Calculated for [M+H]+ [C33H44D2NO14]+ m/z = 682.3038; found m/z = 682.3035.
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3.2.8

Synthesis of 4-B24

Figure 3.2.7 - Compound 4-B24
1,2-Bis-[3,6-dioxa-undec-10-enoxy]benzene[73] (1.13g, 2.69mmol) and 3 (1.00g 1.79 mmol)
were dissolved in dry DCM (120 mL) and NO2Me (8 mL) under an N2 atmosphere. To this
solution Grubbs I catalyst, RuCl2(=CHPh)(PCy3)2 (73 mg, 5 mol%) was added and the
mixture was heated to 42 °C for 48h, more catalyst was added in 5 and 2.5mol% portions
over 48h to a total amount of 12.5mol%. After 48h the solvent was removed via a rotary
evaporator and placed on a vacuum pump to remove any residual solvent. The solid residue
was washed with hexane (100 mL) and subsequently dissolved in a minimal amount of
chloroform and precipitated with Et2O (100 mL) and vacuum filtered. The solid was washed
with fresh Et2O (100 mL) and dried to yield the product (E/Z mixture) as an off white solid,
yield (1.19g, 70%). This compound was employed directly in the next step without further
purification. MP 205 °C. 1H NMR (500 MHz, DCM-d2): (Major Isomer) δ = 9.78 e(broad, 2H),
8.70 b(s, 2H), 8.65 a(s, 1H), 8.41 g(s, 2H), 8.39 h(s, 1H), 6.78 l(m, 2H), 6.57 k(m, 2H), 5.20
t(s, 2H), 5.06 f(m, 2H), 4.48 c(q, 4H, 3J = 7.0 Hz), 4.41 i(q, 4H, 3J = 7.0 Hz), 4.1-3.3
m,n,o,p,q(m, 20H), 1.98 r(m, 4H), 1.56-1.34 s(m, 4H), 1.44 d,j(t, 12H, 3J = 7.1 Hz).
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13C

NMR (500 MHz, DCM-d2): (Both Isomers) δ = 165.2, 165.2, 164.3, 164.3, 146.2, 146.1,

136.0, 135.9, 134.8, 134.8, 134. 2, 134.1, 132.6, 132.5, 132.3, 132.2, 131.9, 131.8, 131.7,
131.0, 129.8, 128.2, 128.0, 122.4, 112.5, 72.7, 72.6, 72.1, 71.4, 70.9, 70.7, 70.2, 70.0, 69.2,
68.9, 63.0, 62.3, 54.5, 31.0, 29.0, 28.5, 25.6, 14.7, 14.7. HR-MS (ESI-TOF): Calculated for
[M+H]+ [C47H64NO14]+ m/z = 866.4321; found m/z = 866.4306.
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3.2.9

Synthesis of 5-B24

Figure 3.2.8 - Compound 5-B24
Pd/C 10wt% (56 mg) was added to 4-B24 (500 mg) dissolved in MeOH (50 mL) and THF
(10 mL). A slight vacuum was applied to the reaction mixture until boiling of the solvent
was observed. The reaction vessel was flushed with D2, introduced via a balloon, and the
mixture stirred vigorously for 4 h under ambient conditions. The mixture was filtered
through Celite and evaporated on a rotary evaporator to yield a white crystalline solid, yield
(430 mg, 86%), which was employed in the next step without further purification. (Partial
deprotonation of the rotaxane was sometimes observed after the reaction was complete).
MP 195 °C. 1H NMR (500 MHz, DCM-d2): δ = 9.81 e(s, 2H), 8.83 a(t, 1H, 4J = 1.5 Hz), 8.65 b(d,
2H, 4J = 1.5 Hz), 8.43 g(d, 2H, 4J = 1.5 Hz), 8.35 h(t, 1H, 4J = 1.5 Hz), 6.80 l(m, 2H), 6.58 k(m,
2H), 5.22 f(m, 2H), 4.48 c(q, 4H, 3J = 7.0 Hz), 4.42 i(q, 4H, 3J = 7.0 Hz), 4.13-3.4 m,n,o,p,q(m,
20H), 1.44 d,j(t, 12H, 3J = 7.0 Hz), 1.3-1.1 r,s,t(m, 10H/2D). 13C NMR (500 MHz, DCM-d2): δ =
165.3, 164.3, 146.1, 135.9, 134.8, 134.1, 132.6, 132.3, 131.9, 131.7, 128.1, 122.5, 112.6, 72.7,
71.1, 70.9, 68.9, 63.0, 62.4, 30.1, 28.1 (broad due to deuterium label), 25.9, 14.8, 14.7. HRMS (ESI-TOF): Calculated for [M+H]+ [C47H64D2NO14]+ m/z = 870.4609; found m/z =
870.4580.
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Figure 3.2.9 - Compound 6-B24
5-B24 (50 mg) dissolved in DCM (3 mL) was added to an aqueous saturated sodium
bicarbonate solution (3 mL) to form a heterogeneous mixture. The mixture was stirred for
1h at room temperature after which the aqueous phase was removed and the organic phase
washed twice with H2O (3 mL). The organic phase was then dried over MgSO4 and
evaporated to yield 5-B24 as a white solid, yield (45 mg, 90%). MP 102 °C. 1H NMR (500
MHz, DCM-d2): δ = 8.57 g(d, 2H, 4J = 1.5 Hz), 8.32 h(t, 1H, 4J = 1.5 Hz), 7.68 a(t, 1H, 4J = 1.5
Hz), 7.60 b(d, 2H, 4J = 1.5 Hz), 6.65 l(m, 2H), 6.49 k(m, 2H), 5.90 e(t, 1H, 3J = 5.0 Hz), 4.84
f(d, 2H, 3J = 5.0 Hz), 4.34 c,i(q, 8H, 3J = 7.0 Hz), 4.00-3.30 m,n,o,p,q(m, 20H), 1.39 d,j(t, 12H, 3J
= 7.0 Hz), 1.30-1.10 r,s(m, 8H), 1.07 t(m, 2H/2D).

13C

NMR (500 MHz, DCM-d2): δ = 167.2,

166.6, 150.6, 148.2, 141.9, 135.9, 131.3, 130.7, 129.0, 120.6, 118.2, 117.4, 111.8, 72.5, 71.5,
70.8, 68.7, 61.5, 61.2, 47.4, 30.8, 29.4 (broad due to deuterium label), 26.3, 14.8. HR-MS
(ESI-TOF): Calculated for [M+H]+ [C47H64D2NO14]+ m/z = 870.4609; found m/z = 870.4580.
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Figure 3.2.10 - Compound 7-B24
5-B24 (250 mg) was dissolved in a 5:4 mixture of MeOH/THF (18 mL) to which 2M NaOH
(4 mL) was added. The solution was refluxed at 80 °C for 24 h after which the non-aqueous
solvent was removed with a rotary evaporator. To the remaining solution distilled water
(10 mL) was added and the solution was acidified dropwise with 1M HCl to pH= 4 to yield a
white precipitate. The solid was slowly filtered and washed with pH= 4 water and then Et2O
several times and left to dry under vacuum, yield (160 mg, 81%). MP Decomposition >225
°C. 1H NMR (500 MHz, DMSO-d6): δ = 8.35 e(s, 2H), 8.26 f(s, 1H), 7.52 b(s, 2H), 7.52 a(s, 1H),
6.63 g,h(s, 4H), 5.74 c(b, 1H), 4.77 d(b, 2H), 3.99-3.2 i,j,k,l,m(m, 20H), 1.30-1.17 n,o(m, 8H),
1.04-0.98 p(m, 2H/2D. 13C NMR (500 MHz, DMSO-d6): δ = 168.3, 168.1, 149.8, 147.6, 140.3,
133.6, 133.6, 132.0, 128.5, 120.0, 117.2, 117.2, 111.6, 70.9, 70.3, 70.2, 69.6, 67.9, 46.6, 29.8,
28.1, 25.1. HR-MS (ESI-TOF): Calculated for [M+H]+ [C39H48D2NO14]+ m/z = 758.3351; found
m/z = 758.334.
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3.2.12 Synthesis of pentaethylene glycol di-hex-5-enyl ether

Figure 3.2.11 - Compound pentaethylene glycol di-hex-5-enyl ether
NaH in 60% mineral oil (1.75g, 0.073mols) of was slowly added to dry THF (60 mL) under
nitrogen at 0°C (ice bath). 6-hexene-1-ol (7.32g, 0.07mols) was then slowly added to the
reaction mixture and allowed to stir for 1h. 1,14-Ditosyl-3,6,9,12-tetraoxatetradecane[72]
(4.0g, 0.00731mols) was dissolved in THF (30 mL) and added slowly to the reaction mixture
via a syringe. The reaction mixture was allowed to warm up to room temperature and
stirred for 48h, after which the reaction was quenched with water (100 mL). The nonaqueous solvent was removed via a rotary evaporator and a two layer extraction was
performed using chloroform (3 x 100 mL) and H2O. The aqueous phase was discarded and
the organic layer was washed with 1M HCl (2 x 100 mL), dried over MgSO4, and the solvent
removed to yield a light yellow oil. The product was purified by column chromatography
(ethyl acetate/ hexane, 3:2 v/v) Rf = 0.4, to yield a colorless oil, (1.92, 65%). 1H NMR (500
MHz, DCM-d2): δ = 5.81 b(m, 2H), 4.98 a(m, 4H), 3.56 g,h,i,j,k(m, 20H), 3.41 f(t, 4H, 3J = 6.5
Hz), 2.05 c(m, 4H), 1.55 d(m, 4H), 1.43 e(m, 4H).

13C

NMR (500 MHz, DCM-d2): δ = 139.4,

114.7, 71.6, 71.1, 71.0, 70.6, 34.1, 29.7, 26.0. HR-MS (ESI-TOF): Calculated for [M+H]+
[C22H43O6]+ m/z = 403.3060; found m/z = 403.3062.
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Figure 3.2.12 - Compound 4-26
Pentaethylene glycol di-hex-6-enyl ether (0.43g, 1.07mmol) and 3 (0.4g, 0.715mmol) were
dissolved in DCM (60 mL) and NO2Me (4 mL) under an N2 atmosphere. To this solution
Grubbs I catalyst, RuCl2(=CHPh)(PCy3)2 (29.4 mg, 5 mol%) was added and the mixture was
heated to 42 °C for 48h, more catalyst was added in 5 mol% portions over 48h to a total
amount of 20 mol%. After 48h the solvent was removed via a rotary evaporator and place
on a vacuum pump to remove any residual solvent. The solid residue was washed with
hexane (100 mL) and subsequently dissolved in chloroform (100 mL) and washed with a
saturated solution of NaHCO3. The organic layer was then dried over MgSO4 and adsorbed
onto silica and purified by flash column chromatography (ethyl acetate/ hexane, 1:1 v/v) RF
= 0.5. The purified material was subsequently dissolved in 100 mL of Et2O and precipitated
as a white solid upon addition of HBF4· Et2O. The solid was washed with fresh Et2O (100
mL) and dried to yield the product as an E/Z mixture, yield (0.345g, 57%). MP 129 °C 1H
NMR (500 MHz, DCM-d2): (Major Isomer) δ = 9.70 e(broad, 2H), 8.84 a(s, 1H), 8.79 h(s, 1H),
8.55 b(s, 2H), 8.53 g(s, 2H), 5.08 t(m, 2H), 5.05 f(broad, 2H), 4.48 c,i(q, 8H, 3J = 7.0 Hz), 3.73.3 k,l,m,n,o,p(m, 24H), 1.86 s(m, 4H), 1.45 d,j(t, 12H, 3J = 7.1 Hz), 1.22 q,r(m, 8H).
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13C

NMR (500 MHz, DCM-d2): (Both Isomers) δ = 165.4, 164.5, 136.2, 135.2, 134.9, 134.0,

134.0, 132.6, 132.6, 132.3, 132.2, 131.0, 130.4, 128.6, 128.3, 72.6, 72.4, 72.2, 72.0, 71.7, 71.6,
71.3, 71.2, 71.0, 70.9, 70.5, 70.4, 62.9, 62.5, 32.4, 29.4, 29.1, 27.1, 26.1, 25.8, 14.8, 14.7. HRMS (ESI-TOF): Calculated for [M+H]+ [C45H68NO14]+ m/z = 846.4634; found m/z = 846.46.31.
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Figure 3.2.13 - Compound 5-26
Pd/C 10wt% (10 mg) was added to 4-26 (70 mg) dissolved in MeOH (20 mL). A slight
vacuum was applied to the reaction mixture until boiling of the solvent was observed. The
reaction vessel was flushed with H2, introduced via a balloon, and the mixture stirred
vigorously for 3 h under ambient conditions. The mixture was filtered through Celite and
evaporated on a rotary evaporator to yield a white crystalline solid. Yield (59 mg, 84%),
which was employed in the next step without further purification. MP 128 °C. 1H NMR (500
MHz, DCM-d2): δ = 9.73 e(broad, 2H), 8.83 a(s, 1H), 8.79 h(s, 1H), 8.60 b(s, 2H), 8.57 g(s,
2H), 5.02 f(m, 2H), 4.47 c,j(q, 8H, 3J = 7.0 Hz), 3.72-3.29 k,l,m,n,o,p(m, 24H), 1.45 d,j(t, 12H,
3J

= 7.0 Hz), 1.30 q(m, 4H), 1.16 r,s(m, 8H), 1.03 t(m, 4H). 13C NMR (500 MHz, DCM-d2): δ =

165.4, 164.4, 136.1, 135.4, 134.1, 132.6, 132.4, 132.3, 128.3, 72.1, 71.6, 71.2, 70.8, 69.9, 62.9,
62.4, 29.3, 28.1, 27.3, 25.3, 14.7, 14.7. HR-MS (ESI-TOF): Calculated for [M+H]+ [C45H70NO14]+
m/z = 848.4791; found m/z = 848.4795.
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Figure 3.2.14 - Compound 6-26
5-26 (30 mg) dissolved in DCM (3 mL) was added to an aqueous saturated sodium
bicarbonate solution (3 mL) to form a heterogeneous mixture. The mixture was stirred for
one hour at room temperature, after which the aqueous phase was removed and the organic
phase washed twice with H2O (3 mL). The organic phase was then dried over MgSO4 and
evaporated to yield 5-26 as a colorless solid, yield (27 mg, 90%). MP 98 °C. 1H NMR (500
MHz, DCM-d2): δ = 8.57 h(t, 1H, 4J = 1.5 Hz), 8.55 g(d, 2H, 4J = 1.5 Hz), 7.89 a(t, 1H, 4J = 1.5
Hz), 7.65 b(d, 2H, 4J = 1.5 Hz), 5.69 e(t, 1H, 3J = 5.0 Hz), 4.61 f(d, 2H, 3J = 5.0 Hz), 4.39 i(q, 4H,
3J

= 7.0 Hz), 4.36 c(q, 4H, 3J = 7.0 Hz), 3.51-3.23 k,l,m,n,o,p(m, 24H), 1.39 d,j(t, 12H, 3J = 7.1

Hz), 1.39 q(m, 4H), 1.26 r(m, 4H), 1.10 s,t(m, 8H). 13C NMR (500 MHz, DCM-d2): δ = 167.1,
166.5, 150.4, 141.6, 135.5, 131.7, 131.2, 129.6, 118.4, 118.2, 72.0, 71.4, 71.2, 71.1, 70.8, 61.7,
61.4, 47.7, 30.2, 29.7, 29.0, 26.3, 14.8, 14.8. HR-MS (ESI-TOF): Calculated for [M+H]+
[C45H70NO14]+ m/z = 848.4791; found m/z = 848.4795.
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3.2.16 Synthesis of UWCM-1
2 (25 mg, 0.07 mmol) and Cu(NO3)2·3H2O (34 mg, 0.14 mmol) were dissolved in a solution
of DMF/EtOH/H2O (2.67 mL 3:3:2 v/v/v), to which 3 drops of HNO3 were added. Upon
addition of the acid the solution changed color from green to colorless. The solution was
then injected through a 13 mm syringe filter (0.2 μm PTFE membrane) into a 20 mL
borosilicate scintillation vial which was rinsed with deionized water and dried at 100 °C
prior to use. The vial was then placed in a programmable heating oven at a constant heating
rate of 1 °C min-1 to 65 °C, kept at that temperature for 48 h, and cooled to room
temperature at a constant heating rate of 0.1 °C min-1. A green crystalline product was
collected and washed with DMF and then EtOH several times to yield pure UMCM-1, with
formula [Cu4(2)2(DMF)2(H2O)2] ·xDMFxH2O (30 mg, 75%).

3.2.17 Synthesis of UWDM-1(22)
7-22 (25 mg, 0.037 mmol) and Cu(NO3)2·3H2O (17.3 mg, 0.073 mmol) were dissolved in a
solution of DMF/EtOH/H2O (2.67 mL 3:3:2 v/v/v), to which 2 drops of HNO3 were added.
Upon addition of the acid the solution changed color from green to colorless. The solution
was then injected through a 13 mm syringe filter (0.2 μm PTFE membrane) into a 20 mL
borosilicate scintillation vial which was rinsed with deionized water and dried at 100 °C
prior to use. The vial was then placed in a programmable heating oven at a constant heating
rate of 1 °C min-1 to 65 °C, kept at that temperature for 48 h, and cooled to room
temperature at a constant heating rate of 0.1 °C min-1. A green crystalline product was
collected and washed with DMF and then EtOH several times to yield pure UWDM-1(22),
with formula [Cu2(7-22)(H2O)2] ·xH2O, (24 mg, 77%).
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3.2.18 Synthesis of UWDM-1(B24)
7-B24 (25 mg, 0.033 mmol) and Cu(NO3)2·3H2O (16 mg, 0.066 mmol) were dissolved in a
solution of DMF/EtOH/H2O (2.67 mL 3:3:2 v/v/v), to which 2 drops of HNO3 were added.
Upon addition of the acid the solution changed color from green to colorless. The solution
was then injected through a 13 mm syringe filter (0.2 μm PTFE membrane) into a 20 mL
borosilicate scintillation vial which was rinsed with deionized water and dried at 100 °C
prior to use. The vial was then placed in a programmable heating oven at a constant heating
rate of 1 °C min-1 to 65 °C, kept at that temperature for 48 h, and cooled to room
temperature at a constant heating rate of 0.1 °C min-1. A green microcrystalline product was
collected and washed with DMF and then EtOH several times to yield pure UWDM-1(B24),

A12formula [Cu2(7-B24)(H2O)Frame:
A12_00_001.gfrm
with
2] ·xH2O (20 mg, 67%).
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Figure 3.2.15 - Powder-XRD results for UWCM-1. Red (simulated spectra from single crystal
data), Black (as-synthesized material).
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Figure 3.2.17 - Powder-XRD results for UWDM-1(B24). Black (as-synthesized material). Blue
(dried with supercritical CO2 and evacuated under high vacuum @ 150 °C for 8h.
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Figure 3.2.18 - Stack Plot of UWDM-1 series

3.2.22 SEM images of crystals from the UWDM-1 series
UWDM-1 (22)

UWDM-1 (24)

UWDM-1 (B24)

Table 3.2.1 - SEM images of crystals from the UWDM-1 series
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3.2.23 Thermal gravimetric analysis of MOFs

Figure 3.2.19 - TGA curve for as-synthesized UWCM-1.

Figure 3.2.20 - TGA curve for activated (reabsorbed H2O) UWDM-1 (22).
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Figure 3.2.21 TGA curve for activated (reabsorbed H2O) UWDM-1 (B24).
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3.2.24 Single Crystal X-ray Diffraction Studies
Table 3.2.2 - Crystal Data, Solution and Refinement Parameters for Compound 6-22
CCDC number

***

V (Å3)

2160.2(5)

formula

C41H61NO14

Z

2

formula weight

791.90

, g cm-3

1.218

crystal system

Monoclinic

(Abs. Coef.) mm-1

0.755

space group

P21

reflections used

3398

T (K)

150(2)

parameters

505

a (Å)

8.592(1)

restraints

1

b (Å)

20.670(3)

R1 [I > 2 (I)][a]

0.0762

c (Å)

12.192(5)

R1 (all data)

0.0781

 (o)

90

R2w [I > 2 (I)][b]

0.2087

 (o)

93.937(5)

R2w (all data)

0.2117

 (o)

90

GoF on F2

1.037

[a]

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +

(aP)2 + bP]-1 .
*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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Table 3.2.3 - Crystal Data, Solution and Refinement Parameters for Compound 6-B24
CCDC number

***

V (Å3)

9325(3)

formula

C47H66NO14

Z

8

formula weight

868.46

, g cm-3

1.226

crystal system

Monoclinic

(Abs. Coef.) mm-1

0.090

space group

P21/C

reflections used

13347

T (K)

150(2)

parameters

1125

a (Å)

15.877(2)

restraints

0

b (Å)

34.214(3)

R1 [I > 2 (I)][a]

0.1389

c (Å)

18.072(4)

R1 (all data)

0.1903

 (o)

90

R2w [I > 2 (I)][b]

0.3244

 (o)

108.217(7)

R2w (all data)

0.3629

 (o)

90

GoF on F2

1.021

[a]

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +

(aP)2 + bP]-1 .
*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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Table 3.2.4 - Crystal Data, Solution and Refinement Parameters for Compound UWCM-1
CCDC number

***

V (Å3)

23,326(2)

formula

C67H60Cu2NO8

Z

16

formula weight

1134.24

, g cm-3

1.292

crystal system

Tetragonal

(Abs. Coef.) mm-1

1.345

space group

I 4/m

reflections used

11757

T (K)

150(2)

parameters

600

a (Å)

26.1288(6)

restraints

0

b (Å)

26.1288(6)

R1 [I > 2 (I)][a]

0.0984

c (Å)

34.1673(9)

R1 Squeeze

0.0602

 (o)

90

R1 (all data)

0.1039

 (o)

90

R2w [I > 2 (I)][b]

0.3292

 (o)

90

R2w Squeeze

0.1984

R2w (all data)

0.3463

GoF on F2

1.645

GoF Squeeze

1.097

[a]

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +

(aP)2 + bP]-1 .
*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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3.2.25 SSNMR Experimental Details
2H

SSNMR experiments were conducted on a Varian Infinity Plus console equipped with a

9.4 T Oxford magnet. A 5 mm double resonance (HX) static probe was used. Temperatures
of the VT unit and probe were calibrated using the temperature-dependent chemical shift of
PbNO3.[74] Spectra were acquired with 2H Larmor frequency of 61.4 MHz and were
referenced to liquid D2O (δiso = 0 ppm). The quadrupolar echo pulse sequence (90°-τ1-90°τ2-acquire) was used with 30, 50, 60 or 90 μs pulse spacings. The quadrupolar parameters
of the SML spectra were found with simulations using WSolids[75]. Simulations of the IMR
and FML spectra were done using EXPRESS[76].
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CHAPTER 4
4.1 Metal-Organic Frameworks with Mechanically Interlocked
Pillars: Controlling Ring Dynamics in the Solid-State via a
Reversible Phase Change

4.1.1

Introduction

Molecular switches based on mechanically interlocked molecules (MIMs) function well in
controlled solution environments[1-18], but in this medium their motion is incoherent and the
molecules widely dispersed. In an effort to achieve a higher level of molecular organization
and create functional materials employing interlocked components, it has been suggested
that MIMs could be organized inside the pores of metal-organic framework (MOF)
materials.[19-22] To this end, we recently reported a prototype MOF, UWDM-1, which contains
a large and flexible [24]crown-6 (24C6) macrocycle interlocked onto a rigid aromatic
framework and demonstrated that upon activation of the material, free volume is created
inside the pores of the material and thermally driven rotation of the macrocycle can be
observed directly by 2H SSNMR.[23] We believe the next steps in this chemistry are to learn
how the internal structure of the MOF affects the motion exhibited by the interlocked
macrocycle, and more importantly, how to achieve control over the motion.
Herein, we report a new type of MIM-pillared MOF and show how changing the
internal structure of the MOF can affect the type of motion (conformational flexing, partial
rotation or full rotation) exhibited by the macrocycle. Most importantly, we demonstrate for
the first time that these large amplitude dynamics associated with a MIM linker can be
controlled by an external perturbation; in this case via a reversible phase change of the
material.
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Scheme 4.1.1 - Synthesis of a MIM ligand (LMIM) designed for pillaring inside a MOF. (i)
Grubbs' 1st generation catalyst, MeNO2/DCM (1:9), 48 h, reflux; (ii) NEt3/MeOH; (iii) catalytic
Pd(PPh3)4, DMF/toluene, 12 h, 110 °C; (iv) 10% Pd/C, H2 (or D2), MeOH, 3 h, RT.
4.1.2

Results and Discussion

MIM Pillaring Ligand
Scheme 4.1.1 outlines the synthesis of the pillaring ligand LMIM used in the construction of
these hybrid linker MOFs. Ring closing metathesis[24-29] was used to create a 24-membered
macrocycle around an anilinium-based axle with 4-bromo substituted xylene groups as the
stoppers. A standard Suzuki coupling protocol was then used to replace the bromine atoms
with 4-pyridyl groups in good yield. Finally, the double bond of the macrocycle (E and Z
isomers) could be hydrogenated (or deuterated) employing H2 (D2) gas and Pd/C. The
structure of the neutral LMIM was determined by single-crystal X-ray diffraction and is
shown in Figure 4.1.1. The length of this new bipyridine ligand is 17.3 A (N…N) while the
diameter around the central macrocycle is ca. 11.2 A. A single NH hydrogen-bond (N…O 3.44
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A; NH…O, 160o) is the major non-covalent interaction remaining after removal of the
templating anilinium charge. The four methyl groups prevent unthreading of the 24membered ring, thus ensuring the [2]rotaxane remains a permanently interlocked entity
throughout synthesis and post-synthetic modification of the MOF.

Figure 4.1.1 - A ball-and-stick representation of the single-crystal X-ray structure of the
bipyridine, pillaring ligand LMIM showing a single NH…O interaction between the axle and
wheel components. Color key: red = oxygen, blue = nitrogen, black = carbon; gold bonds = axle,
silver bonds = wheel.
MOF Materials
It has been well established by Kim[30, 31], Hupp[32-36], and others[37-39] that linear
bipyridine ligands can be used as pillaring struts between 2-periodic layers of zinc
carboxylate paddlewheel structures to form robust MOFs. In fact, varying the complexity of
this pillaring ligand has been a popular strategy for the incorporation of functional groups
into MOFs.[40-42] Following the same solvo-thermal protocols, ligand LMIM was combined with
Zn(NO3)2.(H2O)x and two equivalents of a dicarboxylic acid. Of the three acid linkers utilized,
4,4’-azodiphenyl-dicarboxylic acid (ADC), 2,6-naphthyl-dicarboxyclic acid (NDC) and 4,4’biphenyldicarboxylic acid (BPDC), good yields of a MOF were obtained only with the longer
acids ADC and BPDC. It was rationalized that since the shorter NDC linker would produce a
Zn…Zn distance of only 13.0 A in the 2-periodic layer there would be steric interactions
between macrocycles of adjacent LMIM pillars and this ultimately prevented formation of the
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target pillared MOF. On the other hand, analogous spacings of 15.2 A and 17.0 A for BPDC
and ADC respectively, were large enough to accommodate side-by-side alignment of
[2]rotaxane pillars and; thus, formation of a pillared MOF material was successful as
designed.

Figure 4.1.2 - Ball-and-stick representations of the single-crystal X-ray structures of UWDM-2
(left) containing ADC linkers and UWDM-3 (right) containing BPDC linkers, showing a
portion of one of the interpenetrated lattice frameworks. Color key: blue = aniline axle, red =
24C6 wheel, yellow = carboxylate linkers, green = zinc atoms.
The two MOFs with bridging dicarboxylate linkers ADC and BPDC were designated
UWDM-2 and UWDM-3 (UWDM = University of Windsor Dynamic Material) respectively
and

isolated

as

homogenous

materials

in

good

yield

with

formulae

[Zn2(BPDC)2(LMIM)](DMF)2 and [Zn2(ADC)2(LMIM)](DMF)13 (see experimental for details).
Both were analyzed by single-crystal X-ray analysis and the structures of the basic
frameworks are shown in Figure 4.1.2.
As designed, the framework structures of UWDM-2 and UWDM-3 consist of 2periodic grids constructed from Zn(II) paddlewheels and carboxylate ligands with the
bipyridine ligand LMIM pillaring the layers. Although the structures appear to contain large
openings sufficient for potentially unimpeded motion of the interlocked macrocycles as
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desired, both of these structures are interpenetrated; UWDM-2 is 3-fold interpenetrated
while UWDM-3 is 2-fold interpenetrated.
Drawings depicting the interpenetration of the lattices for UWDM-2 and UWDM-3
are in Figure 4.1.3. For UWDM-2, the 24C6 ring is positioned to one corner and slightly
above the square grid defined by the Zn-carboxylate grid. For UWDM-3, 2-fold
interpretation actually places the macrocyclic 24C6 ring directly inside the Zn-carboxylate
square framework – akin to a “round peg in a square hole”. It is quite clear from examination
of these solid state structures that in both cases the 24C6 macrocycles are tightly packed on
account of being positioned close to the square grid framework and the lack of any large
internal voids due to interpenetrations.

Figure 4.1.3 - Ball-and-stick representations of the single-crystal X-ray structures of UWDM-2
(left) and UWDM-3 (right) showing the interpenetrated lattice frameworks (UWDM-2 is 3fold interpenetrated and UWDM-3 is 2-fold interpenetrated). Space filling models show the
position of the macrocycle relative to the square framework grid;. Color key: blue = aniline
axle, red = 24C6 wheel, yellow = carboxylate linkers, green = zinc atoms.
Unit cells for UWDM-2 and UWDM-3 were calculated (PLATON)[43] to contain void
spaces of 17 and 50% occupied by 8 and 104 molecules of DMF respectively. Thermal
gravimetric analysis (TGA) showed gradual weight loss attributable to DMF removal and
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eventual decomposition of the MOF frameworks at 370 and 250 °C, respectively (see
experimental for details).

Figure 4.1.4 - Powder X-ray diffraction patterns for UWDM-2: a) simulated from singlecrystal X-ray diffraction data, b) as-synthesized material, c) exchanged with DCM and dried in
vacuum at RT for 6 h.
The stability of UWDM-2 was verified by PXRD which showed very little variation
when the material was dried under vacuum (Figure 4.1.4). Interestingly however, VT-PXRD
for UWDM-3 demonstrated that this material (α-UWDM-3) goes through a gradual phase
change over the temperature range of 100-125 °C (Figure 4.1.5), resulting in a second,
stable crystalline phase (β-UWDM-3).
The new β-UWDM-3 phase can be attributed to desolvation and tilting of the
pillaring strut which brings the carboxylate layers closer together and reduces the volume
accessible for solvent molecules. This type of deformation is a known structural feature for a
number of similar pillared/layered MOFs.[44-48] Unfortunately, attempts to index this new
phase (DICVOL, DASH)[49-51] and unambiguously determine cell parameters for β-UWDM-3
were not successful due to the broadness of the PXRD patterns. This α to β phase change
can also be initiated by solvent exchange with DCM and gentle drying of the sample. Most
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importantly, the phase change can be reversed by re-exposure of the desolvated sample to
DMF as shown in Figure 4.1.5.

Figure 4.1.5 - Powder X-ray diffraction patterns for UWDM-3 at various temperatures: a)
simulated from single-crystal X-ray diffraction data, b) as-synthesized material at 25 °C, c) at
50 °C, d) at 100 °C, e) at 125 °C, f) after solvent exchange from DMF to DCM and then drying
under vacuum at room temperature, g) sample (f) at 25 °C after soaking in DMF for 12 h.
Dynamics in the Solid-State
In order to characterize the mobility of the macrocyclic 24C6 rings inside these
MOFs, UWDM-2 and UWDM-3 were prepared containing deuterium labels via the addition
of D2 to the double bond created by RCM and the resulting materials probed by 2H
SSNMR.[52-58]

2H

SSNMR powder patterns are extremely sensitive to molecular-level

dynamical motions, and act as exquisite probes of changes in the types of motions and their
rates that arise from variation in temperature. Three motional regimes are defined on the
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basis of the typical range of magnitudes of the 2H quadrupolar coupling constant for
terminal C-D bonds (i.e., 100-180 kHz): the slow motion limit (SML), where rates are <103
Hz; the intermediate motion regime (IMR) where rates are between 104 and 107 Hz; and the
fast motion limit (FML) where rates are >107 Hz. Motions in the SML and FML can effectively
be modeled as time averages of the three principal components of the 2H electric field
gradient (EFG) tensor, whereas motions in the IMR require modeling with an exchange
matrix, and generally result in powder patterns of increasing complexity that vary with both
changes in temperature and echo spacing.
For UWDM-2, which utilizes the longest ADC linker, 3-fold interpenetration occurs
which severely restricts the possible motion of the 24C6 macrocycle. Indeed, any large
amplitude ring flexing would likely result in significant, unfavorable interactions between
the rings. The static spectrum acquired at 171 K was simulated as a single site using
quadrupolar parameters that are typical for this type of C-D alkyl linkage. At this
temperature, motion of the crown ethers is too slow to affect the 2H powder patterns, i.e.,
the slow motion limit. Increasing the temperature to ca. 255 K caused variations in the
powder pattern shapes which indicate that motions were occurring at a rate of
approximately 10-100 kHz, well within the IMR. The spectra were simulated using a two-site
jump of the CD2 group with an angle of 72° (Figure 4.1.6b) combined with a partial rotation
motion, which is rotation of the macrocycle through 225° in 45° steps, such that there is a
single hydrogen-bonding contact between the pillar and macrocycle (Figure 4.1.6c). This
motion is described as a partial rotation, since the macrocycle is not free to make a complete
rotation about the pillar. The sites are connected such that successive jumps can occur in
either direction, but only to adjacent oxygen atoms on the ring, and not through the alkyl
portion of the macrocycle. The rate of the two-site jump motion is lower than that of the
partial ring rotation, as the conformational changes induced in the ring from the latter result
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in steric interactions between rings. The patterns narrow considerably, but at the hightemperature limit (424 K), begin to broaden again. Ratcliffe et. al. observed a similar
phenomenon for solid complexes of [18]crown-6, where in the IMR, the patterns narrow
considerably before broadening to an axially symmetric pattern in the FML.[59] That this
hindered motion (i.e., two-site jumps and partial rotation motion) does not occur at rates in
the FML is consistent with the constrained nature of the ring in this system.

Figure 4.1.6 - Experimental (left) and simulated (left-center) 2H SSNMR powder patterns as a
function of temperature for UWDM-2. Illustrations (right) of the motions of the 24C6
macrocyclic ring relative to the framework axle: (a) the SML where no motion is occurring on
the NMR timescale, (b) the FML for jumps between two sites 72o apart; (c) partial rotation of
the ring over 225o in 45o steps.
Although the single-crystal X-ray structure of α-UWDM-3 showed that this
framework is only 2-fold interpenetrated, the 24C6 ring is confined within a square of the
zinc-carboxylate grid. It was therefore postulated that interactions between the ring and the
framework would also hinder the motion of the ring in this material. The experimental and
simulated VT 2H SSNMR spectra for α-UWDM-3 are shown in Figure 4.1.7. The lowtemperature spectrum collected at 234 K was simulated with a single set of quadrupolar
parameters (vide supra). This SML spectrum was obtained at a higher temperature than that
previously observed for UWDM-1 suggesting that the motions of the 24C6 ring in
α-UWDM-3 are indeed hindered by comparison.
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Increasing the temperature to 247 K produced a distinct spectrum that could be
simulated as a two-site jump of the CD2 groups between sites separated by an angle of 75°
(Figure 4.1.7b). At 255 K, the width of the spectrum is less than half that of the lowtemperature spectrum, indicating that the lone two-site jump model can no longer be used.
Collecting spectra at this temperature with different pulse spacings also produced notable
changes in the powder pattern; thus, it can be concluded that the rates of the new motions
are within the IMR. The spectrum was simulated by considering the two-site jump of the
CD2 groups and the onset of partial rotation, as described above for UWDM-2.

Figure 4.1.7 - Experimental (left) and simulated (left-center) 2H SSNMR powder patterns as a
function of temperature for α-UWDM-3. Illustrations (right) of the motions of the 24C6
macrocyclic ring relative to the framework axle: (a) the SML where no motion is occurring on
the NMR timescale, (b) the FML for jumps between two sites 75 o apart; (c) partial rotation of
the ring over 225o in 45o steps. (d) large amplitude jumps of the alkyl portion of the ring
through 60o between positions above and below the square of the framework.
Further increasing the temperature produced significantly narrower patterns that
could not be accounted for with only a combination of two-site jumps and partial ring
rotation. The 2H NMR spectra acquired at 318 K and 339 K were simulated by including a
third mode of motion: large amplitude jumps of the deuterons through an angle of 60° about
an axis in the plane of the ring (Figure 4.1.7). This motion was attributed to the flexible alkyl
portion of the ring moving 60° between positions above and below the constraining square

156
References begin on page 179

Chapter 4
of the Zn-carboxylate layer without significantly altering the length of the NH…O hydrogen
bonds, in order to minimize short-range interactions between the macrocyclic ring and the
surrounding framework.
For β-UWDM-3, it is postulated that the macrocycle no longer sits within the square
of the Zn-carboxylate framework and that the 24C6 ring is more mobile in this less
constrained environment. This notion is supported by the VT 2H SSNMR spectra which are
strikingly similar to those previously observed for UWDM-1. The static spectrum at 183 K
was simulated as a single site and increasing the temperature to 208 K resulted in no
significant change in the powder pattern (Figure 4.1.8a). The spectrum acquired at 234 K
indicates the onset of motion, and the spectrum at 255 K was simulated using the familiar
two-site jump of the CD2 groups through an angle of 75° (Figure 4.1.8b). Increasing the
temperature further induces the onset of partial rotation motion through 225° in 45°
increments (Figure 4.1.8c), in addition to the aforementioned two-site jump motion. The
spectrum at 318 K was simulated with rates in the FML for this combined motion. The
temperature at which this mode of motion occurs is similar to that of UWDM-1 (324 K),
again validating the congruous motions in these two systems.
The spectra acquired at higher temperatures could not be simulated using the
combined two-site jump and partial rotation model, nor could they be simulated with free
rotation of the crown ether ring about an axis of Cn≥3 symmetry. The simulation of the high
temperature spectra was achieved by considering a combination of motions best described
as full rotation (i.e., an intermediate case between partial rotation and free rotation),
combined with the two-site jump. Specifically, eight sites separated by 45° rotations were
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Figure 4.1.8 - Experimental (left) and simulated (left-center) 2H SSNMR powder patterns as a
function of temperature for β-UWDM-3. Illustrations (right) of the motions of the 24C6
macrocyclic ring relative to the framework axle: (a) the SML where no motion is occurring on
the NMR timescale, (b) the FML for jumps between two sites 75 o apart; (c) partial rotation of
the ring over 225o in 45o steps, (d) partial rotation of the ring over 225o in 45o steps combined
with jumps over the alkyl portion of the ring resulting in full rotation.
used, six corresponding to the hydrogen-bonding oxygen atom positions, and two
corresponding to the alkyl portion of the ring (Figure 4.1.8d). A rate matrix was constructed
where jumps between the oxygen atom positions are occurring at rates in the FML (i.e., >107
Hz) and jumps through the alkyl positions occur at a significantly slower rate in the IMR (i.e.,
50-1000 kHz). The spectra acquired at 381 and 402 K were simulated using this model, and
excellent agreement with the experimental data was obtained.

4.1.3

Conclusion
It has been demonstrated that the dynamic motion of a macrocyclic wheel inside a

MOF can be controlled by a reversible phase change in the framework of the material; this
concept is illustrated in Figure 4.1.9. It is not surprising that the extent to which the large
macrocyclic 24C6 ring can undergo motion is severely restricted when the ring is positioned
inside the square opening of the MOF framework as is shown in Figure 4.1.3 for the X-ray
structures of UWDM-2 and α-UWDM-3. However, when α-UWDM-3 is converted to
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β -UWDM-3, the change in layer spacing frees the crown ether from being trapped inside
the square grid of the framework and allows for thermally driven full rotation of the
macrocycle similar to previously reported for UWDM-1.

Figure 4.1.9 - Schematic illustrating the conversion between the as-synthesized α-form (left)
and desolvated β-form (right) of UWDM-3 which is accompanied by release of the macrocyclic
wheel into a free volume space within the MOF allowing for the full range of dynamic motions
as observed by 2H SSNMR. Color key: blue = axle, red = wheel, yellow = carboxylate linkers,
green = zinc atoms.
This new MIM ligand design combined with the successful preparation of robust,
pillared MOFs and the characterization of the internal motion of the interlocked rings in the
solid state is a significant step towards the ultimate goals of organizing sophisticated
molecular switches and machines inside crystalline solid-state materials and controlling
their function therein.
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4.2 Experimental
4.2.1

General Comments

4-Bromo-3,5-dimethylaniline[60],

4-bromo-3,5-dimethylbenzylbromide[61]

and

penta-

ethyleneglycol-dipent-4-enyl ether[27] were synthesized according to literature methods.
Solvents were dried using an Innovative Technologies Solvent Purification System. 4Pyridineboronic acid pinacol ester, deuterium gas, and deuterated solvents were obtained
from Sigma-Aldrich and used as received. Solution 1H and13C NMR spectra were recorded
on a Brüker Avance III console equipped with an 11.7 T magnet, o(1H) = 500 MHz. All peak
positions are listed in ppm relative to TMS. Column chromatography was performed using
Silicycle Ultra-Pure Silica Gel (230–400 mesh). High resolution mass spectrometry (HR-MS)
experiments were performed on a Micromass LCT electrospray ionization (ESI) time-offlight (ToF) mass spectrometer. Solutions with concentrations of 0.001 M were prepared in
methanol and injected for analysis at a rate of 5 μL/min using a syringe pump. All single
crystal X-ray data were collected on a Brüker D8 Venture diffractometer, equipped with a
PHOTON 100 detector, Kappa goniometer, and collected using a Mo sealed tube source or a
Cu high brilliance IμS microfocus source. Crystals were frozen in paratone oil inside a
cryoloop and reflection data were integrated using APEX II software. Powder XRD
measurements were recorded on a Brüker D8 Discover diffractometer equipped with a
GADDS 2D-detector and operated at 40 kV and 40 mA. CuKα radiation (λ = 1.54187 Å)
was used and the initial beam diameter was 0.5 mm. Thermal gravimetric analyses were
conducted on a Mettler Toledo TGA SDTA 851e instrument. Helium (99.99%) was used to
purge the system with a flow rate of 30 mL/min. Samples were held at 25 °C for 30 min
before heating up to 550 °C at 5 °C/min.
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4.2.2

Synthesis of 4-1

Figure 4.2.1 – Compound 4-1

A mixture of 4-bromo-3,5-dimethylbenzylbromide and 1-bromo-2-bromomethyl4,6-dimethylbenzene (ratio = 2:1, 4.2 g, 15.2 mmol) was added to a solution of 4bromo-3,5-dimethylaniline (5.9 g, 30.0 mmol) in acetonitrile (150 mL). The resulted
solution was stirred at room temperature for 24 hr. The anilinium bromide
precipitate was filtered and washed with acetonitrile. The combined filtrate was
dried on a rotary evaporator to give an oily residue which was re-dissolved in ethyl
acetate (100 mL) and washed with a saturated sodium bicarbonate solution (100
mL) and then brine (100 mL). After drying over anhydrous MgSO4, the solvent was
removed on a rotary evaporator. The crude product was purified by flash column
chromatography (SiO2, hexanes/ DCM, 8:1 v/v). Further purification was
accomplished by recrystallization from hexanes. Yield: 2.8 g, 70% based on 4bromo-3,5-dimethylbenzylbromide. MP 134−136 °C. 1H NMR (500 MHz, CDCl3, 298
K) δ (ppm) = 7.06 e(s, 2H), 6.38 b(s, 2H), 4.18 d(s, 2H), 3.88 c(br s, 1H), 2.42 f(s, 6H),
2.33 a(s, 6H). 13C NMR (125 MHz, CDCl3, 298 K) δ (ppm) = 146.7, 138.8, 138.6, 137.7,
127.2, 126.2, 115.1, 112.8, 47.7, 24.1, 23.9. HR-MS (ESI): calcd for [M+H]+,
[C17H20NBr2]+, m/z = 395.9962, found m/z = 395.9953.

161
References begin on page 179

Chapter 4
4.2.3

Synthesis of 4-[1-H][BF4]

Figure 4.2.2 – Compound 4-[1-H][BF4]

Compound 4-1 (1.00 g, 2.52 mmol) was dissolved in diethyl ether (100 mL) and to
the solution was slowly added tetrafluoroboric acid diethyl ether complex (0.36 mL,
2.65 mmol). After stirring for 30 min at room temperature, the resulting solid was
filtered and air dried. Recrystallization from acetonitrile gave the pure product as a
white solid. Yield: 1.08 g, 88%.MP 240−242 °C (decomp). 1H NMR (500 MHz, MeCNd3, 298 K) δ = 8.59 c(br s, 2H), 7.14 b(s, 2H), 7.12 e(s, 2H), 4.45 d(s, 2H), 2.43 a(s,
6H), 2.40 f(s, 6H).

13C

NMR (125 MHz, MeCN-d3, 298 K) δ = 140.9, 139.2, 132.6,

130.3, 128.8, 128.5, 128.4, 122.5, 55.6, 23.1, 22.9. HR-MS (ESI): calcd for [M – BF4]+,
[C17H20NBr2]+, m/z = 395.9962, found m/z = 395.9947.
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4.2.4

Synthesis of 4-2

Figure 4.2.3 – Compound 4-2

[4-1-H][BF4]: (530 mg, 1.10 mmol) and pentaethyleneglycol-dipent-4-enyl ether
(620 mg, 1.66 mmol) were added to a 250-mL Schlenk flask which was degassed
and backfilled with N2. Dichloromethane (90 mL) and nitromethane (10 mL) were
added to the mixture under N2. After stirring for 10 min, Grubbs 1st Generation
Catalyst (90 mg, 0.110 mmol) was added. The resulting mixture was heated at 45 °C
for 24 h. Another 45 mg catalyst was added and the reaction mixture heated for
another 48 h. The solvents were removed and diethyl ether (50 mL) was added to
the residue. After sonication for 10 min, the ether phase was decanted and the oily
residue was redissolved in methanol (50 mL). After addition of triethylamine (10
mL), all of the solvent was removed on a rotary evaporator. The crude product was
purified by flash column chromatography (SiO2, ethyl acetate/ hexane, 1:4 v/v).
Recrystallization once from methanol gave pure and mixed, E and Z isomer fractions
of the desired product. Yield: 510 mg, 60%.MP 204−207 °C. 1H NMR (500 MHz,
CDCl3, 298 K) δ (ppm) = 7.45–7.44 e(m, 2H), 6.69–6.64 b(m, 2H), 5.27 c(s, 1H), 5.15
o(m, 2H), 4.39–4.28 d(m, 2H), 3.54–3.19 g,h,i,j,k,l(m, 24H), 2.41–2.32 a,f(m, 12H),
2.08–1.87 n(m, 4H), 1.39–1.62 m(m, 4H).
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13C

NMR (125 MHz, CDCl3, 298 K) δ = 148.5, 148.5, 139.3, 138.9, 137.3, 137.1, 137.0,

130.1, 130.0, 129.8, 125.3, 125.1, 113.9, 113.6, 112.5, 112.4, 72.0, 71.0, 70.9, 70.9,
70.8, 70.7, 70.6, 70.5, 70.4, 70.3, 70.2, 47.0, 46.7, 30.4, 29.1, 28.6, 25.1, 24.0, 23.7,
23.7. HR-MS (ESI): calcd for [M+H]+, [C35H54Br2NO6]+, m/z = 744.2297, found m/z =
744.2305.
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4.2.5

Synthesis of 4-3

Figure 4.2.4 – Compound 4-3

Compound 4-2 (420 mg, 0.565 mmol), 4-pyridineboronic acid pinacol ester (500
mg, 2.43 mmol), Cs2CO3 (790 mg, 2.43 mmol), tetrakis(triphenylphosphine)
palladium (65 mg, 0.0565 mmol), DMF (15 mL), and toluene (15 mL) were added to
a 50-mL Schlenk flask under a nitrogen atmosphere. After heating at 110 °C for 12 h,
the reaction mixture was cooled to room temperature and filtered; the solid was
rinsed with chloroform. Removal of the solvent from the filtrate under reduced
pressure gave the crude product which was purified by flash column
chromatography (SiO2, DCM/MeOH, 9:1 v/v). Yield: 380 mg, 91%.MP 229−230 °C. 1H
NMR (500 MHz, MeCN-d3, 298 K) δ (ppm) = 8.65–8.63 j(m, 2H), 8.58–8.57 a(m, 2H),
7.51–7.52 g(m, 2H), 7.13–7.16 b,i(m, 4H), 6.70–6.74 d(m, 2H), 5.24–5.36 e,s(m, 3H),
4.46–4.57 f(m, 2H), 3.33–3.56 k,l,m,n,o,p(m, 24H), 1.98–2.03 c,h(m, 12H), 1.94 r(m,
4H), 1.43–1.65 q(m, 4H). 13C NMR (125 MHz, CDCl3, 298 K) δ = 151.1, 150.3, 150.2,
150.2, 149.7, 149.5, 149.5, 134.9, 134.7, 134.3, 134.2, 130.4, 129.9, 129.5, 129.3,
126.4, 126.3, 125.1, 125.0, 113.1, 112.9, 71.2, 71.2, 71.1, 70.9, 70.8, 70.8, 70.7, 70.6,
70.4, 70.4, 47.6, 47.3, 30.6, 29.4, 28.9, 25.4, 21.2, 20.8. HR-MS (ESI): calcd for
[M+H]+, [C45H62N3O6]+, m/z = 740.4639, found m/z = 740.4665.

165
References begin on page 179

Chapter 4
4.2.6

Synthesis of LMIM

Figure 4.2.5 – Compound LMIM

Compound 4-3 (E/Z mixture, 300 mg, 0.405 mmol) was dissolved in MeOH (30 mL)
and added to a Schlenk flask charged with 10% Pd/C (120 mg, 0.113 mmol) under
N2 atmosphere. The flask was degassed and flushed with H2 gas introduced via a
balloon. The mixture was stirred for 3 h under ambient conditions and filtered
through a Celite pad. Removal of methanol and recrystallization from hexane gave
the pure product. Yield: 280 mg, 93%.MP 226−228 °C. 1H NMR (500 MHz, CDCl3, 298
K) δ = 8.68 j(d, 2H, J = 6.0 Hz), 8.61 a(d, 2H, J = 6.0 Hz), 7.51 g(s, 2H), 7.14 i(d, 2H, J =
6.0 Hz), 7.10 b(d, 2H, J = 6.0 Hz), 6.71 d(d, 2H, J = 6.0 Hz), 5.21 e(t, 1H, J = 4.5 Hz),
4.49 f(d, 2H, J = 4.5 Hz), 3.39−3.59 k,l,m,n,o,p(m, 24H), 2.04 h(s, 6H), 2.00 c(s, 6H),
1.43−1.48 q(m, 4H), 1.30 r(m, 4H), 1.16 s(m, 4H). 13C NMR (125 MHz, CDCl3, 298 K)
δ = 151.3, 150.3, 150.2, 149.6, 149.4, 140.5, 137.3, 134.7, 134.3, 129.4, 126.4, 125.1,
113.1, 71.9, 71.3, 70.9, 70.8, 70.7, 70.6, 47.4, 30.0, 29.2, 26.0, 21.2, 20.8. HR-MS (ESI):
calcd for [M+H]+, [C45H64N3O6]+, m/z = 742.4795, found m/z = 742.4777.
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4.2.7

Synthesis of LMIM-d2

Figure 4.2.6 – Compound LMIM-d2

Compound LMIM-d2 was synthesized according to the same procedure used for LMIM
except deuterium gas was used instead of H2 gas.MP 226−228 °C. 1H NMR (500 MHz,
CDCl3, 298 K) δ = 8.67 j(d, 2H, J = 4.5 Hz), 8.60 a(d, 2H, J = 5.5 Hz), 7.51 g(s, 2H), 7.14
i(d, 2H, J = 4.5 Hz), 7.11 b(d, 2H, J = 5.5 Hz), 6.71 d(s, 2H), 5.21 e(t, 1H, J = 4.5 Hz),
4.49 f(d, 2H, J = 4.5 Hz), 3.39−3.59 k,l,m,n,o,p(m, 24H), 2.04 h(s, 6H), 1.99 c(s, 6H),
1.43−1.48 q(m, 4H), 1.30 r(m, 4H), 1.15 s(m, 2H). 13C NMR (125 MHz, CDCl3, 298 K)
δ = 151.1, 150.1, 150.0, 149.4, 149.2, 140.3, 137.1, 134.5, 134.0, 129.2, 126.2, 124.9,
112.9, 71.7, 71.1, 70.7, 70.6, 70.5, 70.3, 47.2, 29.8, 28.4, 25.7, 21.0, 20.6. HR-MS (ESI):
calcd for [M+H]+, [C45H62D2N3O6]+, m/z = 744.4921, found m/z = 744.4952.
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4.2.8

Synthesis of MOFs

Synthesis of UWDM-2
A mixture of Zn(NO3)2•6H2O (6.0 mg, 0.02 mmol), LMIM (7.4 mg, 0.01 mmol), and
azobenzene-4,4'-dicarboxylic acid (ADC) (5.4 mg, 0.02 mmol) was suspended in
DMF (1.0 mL) and heated in a sealed 1 dram vial at 90 °C for 48 h. The red orange
block-shaped crystals formed were collected and washed with DMF.

Desolvation: After soaking in dichloromethane for 24 h (solvent was replaced every
6 h), the crystals were filtered and dried under vacuum for 3 h. Yield: 11.0 mg, 78%.
Elem. anal. Calcd. for Zn2(ADC)2(LMIM) (C73H79N7O14Zn2): C, 62.22; H, 5.65; N, 6.96.
Found: C, 60.73; H, 5.50; N, 7.07. IR (ATR) : ν (cm‒1) = 426, 634, 709, 792, 840, ,873,
1072, 1398, 1606, 2865, 3361.

In a larger scale reaction, Zn(NO3)2•6H2O (17.9 mg, 0.06 mmol), LMIM (22.3 mg, 0.03
mmol), and azobenzene-4,4'-dicarboxylic acid (ADC) (16.2 mg, 0.06 mmol) were
heated in DMF (2.0 mL). The purity of the material was confirmed by PXRD analysis.
UWDM-2-d2 was obtained according to the similar method.
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Synthesis of UWDM-3 (solvated α-phase)
A mixture of Zn(NO3)2•6H2O (6.0 mg, 0.02 mmol), LMIM (7.4 mg, 0.01 mmol), and
biphenyl-4,4′-dicarboxylic acid (BPDC) (4.8 mg, 0.02 mmol) was suspended in DMF
(1.0 mL) and heated in a sealed 1 dram vial at 90 °C for 48 h. After slow cooling to
room temperature (0.1°C•min−1), the pale yellow block-shaped crystals formed
were collected and washed with DMF.

Desolvation (to produce β-phase): After soaking in dichloromethane for 24 h
(solvent was replaced every 6 h), the crystals were filtered and dried under vacuum
for 3 h. Yield: 9.6 mg, 71%. Elem. anal. Calcd. for Zn 2(BPDC)2(LMIM)
(C73H79N3O14Zn2): C, 64.79; H, 5.88; N, 3.11. Found: C, 60.93; H, 5.35; N, 2.86. IR
(ATR):ν (cm‒1) = 445, 679, 769, 834, 1098, 1392, 1540, 1604, 2860, 2920, 3346.

In a larger scale synthesis, Zn(NO3)2•6H2O (17.9 mg, 0.06 mmol), LMIM (22.3 mg,
0.03 mmol), and biphenyl-4,4′-dicarboxylic acid (BPDC) (14.5 mg, 0.06 mmol) were
heated in DMF (2.0 mL). The purity of the resulted material was confirmed by PXRD
analysis. UWDM-3-d2 was obtained according to the similar method as described
above.
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4.2.9

Thermogravometric analysis (TGA)
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Figure 4.2.7 – Thermogravimetric analysis of UWDM-3
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Figure 4.2.8 – Thermogravimetric analysis of UWDM-2
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4.2.10 Single Crystal X-ray Diffraction Studies

General: Crystals were frozen in paratone oil inside a cryoloop under a cold stream
of N2. Reflection data for LMIM were integrated from frame data obtained from
hemisphere scans on a Bruker APEX diffractometer using MoKα radiation and a CCD
detector. Reflection data for UWDM-2 and UWDM-3 were integrated from frame
data obtained from hemisphere scans on a Bruker Microstar diffractometer using
CuKα radiation produced from a FR591 rotating anode generator equipped with
HELIOS optics. For all data sets, decay was monitored using 50 standard data frames
measured at the beginning and end of data collection. Diffraction data and unit-cell
parameters were consistent with assigned space groups. Lorentzian polarization
corrections and empirical absorption corrections, based on redundant data at
varying effective azimuthal angles, were applied to the data sets. The structures
were solved by direct methods, completed by subsequent Fourier syntheses and
refined using full-matrix least-squares methods against |F2| data. When practical,
non-hydrogen atoms were refined anisotropically and hydrogen atoms placed in
idealized positions and refined using a riding model. Scattering factors and
anomalous dispersion coefficients are contained in the SHELXTL program library[62]
and Figures drawn with DIAMOND[63] and CrystalMaker[64] software. Details can be
obtained from the Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk
for CCDC accession numbers 989173, 989174 and 989175. Details pertinent to
individual data collections and solutions are provided in Tables below.
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Single Crystal X-ray Structure of LMIM
Crystals of LMIM were of good quality. The unit cell contained two molecules of the
neutral [2]rotaxane (C45H63N3O6) with no evidence of solvent or anion (should the
material have been inadvertently isolated as the protonated precursor,
tetrafluoroborate salt). The structure was solved in the triclinic space group P-1
(#2) with Z = 2. All the non-hydrogen atoms were refined anisotropically and all the
hydrogen atoms were placed in idealized positions and refined using a riding model.
A summary of the crystal data, solution and refinement parameters are presented in
Table 4.2.1.

Table 4.2.1 - Crystal Data, Solution and Refinement Parameters for LMIM.

CCDC number

989173

V (Å3)

2123.5(6)

formula

C45H63N3O6

Z

2

formula weight

741.98

 g cm-3

1.160

crystal system

Triclinic

 mm-1

0.076

space group

P-1

reflections used

7432

T (K)

173(2)

variables

482

a (Å)

10.450(2)

restraints

9

b (Å)

12.662(3)

R1 [I > 2I)][a]

0.1049

c (Å)

17.918(3)

R1 (all data)

0.1703

o)

84.349(2)

R2w [I > 2I)][b]

0.2833

 (o)

79.418(2)

R2w (all data)

0.3297

 (o)

65.712(2)

GoF on F2

1.081

[a]

R1 = Fo| - |Fc||  |Fo|; [b] R2w = w(Fo Fc ) ] / w(Fo ) ]]
2-

2 2

2 2 1/2

,

where w = q (Fo ) + (aP)

[b]

2

2

2

-1

+ bP]
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Figure 4.2.9 - A ball-and-stick representation of the X-ray structure of LMIM with labeling
scheme. Black = carbon, Blue = nitrogen, red = oxygen, gold bonds = axle, silver bonds = wheel.

Single Crystal X-ray Structure of Compound UWDM-2
Crystals of UWDM-2 were of good quality and size but only weakly diffracting as is
common for many porous MOF materials. The structure was solved in the
monoclinic space group Cc (#9) with Z = 4 for a formula of [Zn2(ADC)2(LMIM)]·2DMF
(ADC = 4,4’-azodiphenyl-dicarboxylic acid) The asymmetric unit contains two Zn
atoms, 2 ADC linkers, one pillaring MIM and 3 DMF solvent molecules. The nonhydrogen atoms of the framework were easily located and well behaved, although
DFIX and DANG restraints were required to position the four methyl groups of the
axle at chemically meaningful bond distance and angles. The non-hydrogen atoms of
the macrocycle were much more difficult to locate. Several cycles of least squares
refinement and the use of DFIX (O-C, C-C) and DANG (O-C-C, C-O-C and C-C-C)
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restraints were necessary to create a chemically sensible model. Assignment of the
O-atoms in the ring was made by comparing displacement parameters and Hbonding distances to the framework. SIMU and DELU were used to restrain the
displacement parameters of the macrocycle and even out the electron density
associated with disordered portions of the molecule. The 8 molecules of DMF were
treated as a diffuse contribution to the overall scattering without specific atom
positions by SQUEEZE/PLATON[65].

Table 4.2.2 - Crystal Data, Solution and Refinement Parameters for UWDM-2.

CCDC number

989174

V (Å3)

7853(2)

formula

C79H93N9O16Zn2

Z

4

formula weight

1555.36

 g cm-3

1.316

crystal system

Monoclinic

 mm-1

0.682

space group

Cc

reflections used

13360

T (K)

150(2)

variables

769

a (Å)

21.336(3)

restraints

1004

b (Å)

23.766(4)

R1 [I > 2I)][a]

0.0971

c (Å)

15.808(3)

R1 (all data)

0.1612

o)

90

R2w [I > 2I)][b]

0.2150

 (o)

101.568(2)

R2w (all data)

0.2551

 (o)

90

GoF on F2

0.978

[a]

R1 = Fo| - |Fc||  |Fo|; [b] R2w = w(Fo Fc ) ] / w(Fo ) ]]
2-

2 2

2 2 1/2

,

where w = q (Fo ) + (aP)

[b]

2

2

2

-1

+ bP] .
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Figure 4.2.10 - A ball-and-stick representation of the repeating unit in the X-ray structure of
UWDM-2 with labeling scheme. Black = carbon, Blue = nitrogen, red = oxygen, dark blue =
zinc, gold bonds = axle, silver bonds = wheel.

Single Crystal X-ray Structure of Compound UWDM-3
Crystals of UWDM-3 were of good quality and size but only weakly diffracting as is
common for many porous MOF materials. The structure was solved in the
monoclinic space group C2 (#5) with Z = 8 (2 molecules per asymmetric unit) for a
formula of [Zn2(BPDC)2(LMIM)]·13DMF (BPDC = 4,4’-biphenyldicarboxylic) The
asymmetric unit contains four Zn atoms, 4 BPDC linkers, two pillaring LMIM ligands
and 26 DMF solvent molecules. The non-hydrogen atoms of the framework were
easily located and well behaved, although DFIX and DANG restraints were again
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required to position the four methyl groups of the axle at chemically meaningful
bond distance and angles. The non-hydrogen atoms of the macrocycle were difficult
to locate. Several cycles of least squares refinement and the use of DFIX (O-C, C-C)
and DANG (O-C-C, C-O-C and C-C-C) restraints were necessary to create a chemically
sensible model for the macrocyclic ring. Assignment of the O-atoms in the ring was
made after comparing displacement parameters size and H-bonding distances to the
framework. SIMU and DELU commands were used to restrain the displacement
parameters of the macrocycle and even out the diffuse electron density associated
with this disordered portion of the molecule. The 104 molecules of DMF were
treated as a diffuse contribution to the overall scattering without specific atom
positions by SQUEEZE/PLATON[65].

Table 4.2.3 - Crystal Data, Solution and Refinement Parameters for UWDM-3.

CCDC number

989175

V (Å3)

21942(31)

formula

C112H170N16O17Zn2

Z

8

formula weight

2143.38

 g cm-3

1.298

crystal system

Monoclinic

 mm-1

1.119

space group

C2

reflections used

33929

T (K)

150(2)

variables

1465

a (Å)

19.870(2)

restraints

403

b (Å)

22.960(2)

R1 [I > 2I)][a]

0.1038

c (Å)

48.42(4)

R1 (all data)

0.1125

 (o)

90

R2w [I > 2I)][b]

0.2963

 (o)

96.63(3)

R2w (all data)

0.3056

 (o)

90

GoF on F2

1.256

[a]

R1 = Fo| - |Fc||  |Fo|; [b] R2w = w(Fo Fc ) ] / w(Fo ) ]]
2-

2 2

2 2 1/2

,

where w = q (Fo ) + (aP)

[b]

2

2

2

-1

+ bP] .
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Figure 4.2.11 - A ball-and-stick representation of the repeating unit in the X-ray structure of
UWDM-3 Molecule-1 with labeling scheme. Black = carbon, Blue = nitrogen, red = oxygen, dark
blue = zinc, gold bonds = axle, silver bonds = wheel.
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Figure 4.2.12 - A ball-and-stick representation of the repeating unit in the X-ray structure of
UWDM-3 Molecule-2 with labeling scheme. Black = carbon, Blue = nitrogen, red = oxygen, dark
blue = zinc, gold bonds = axle, silver bonds = wheel.

4.2.11 SSNMR Experimental Details
Solid-state NMR experiments were conducted using an Oxford 9.4 T magnet and a Varian
Infinity plus console with the 2H resonance frequency at 61.4 MHz. A 5 mm HX static probe
was used with samples packed in zirconia rotors. Temperatures were calibrated using the
temperature-dependent

207Pb

chemical shift of PbNO3, following a previously reported

method.[66, 67] Spectra were acquired using the quadrupolar echo pulse sequence of the form
90°-τ1-90°-τ2-acquire, with 3.25 μs 90° pulse lengths and 20, 50 or 90 μs pulse spacings.
Simulations of the SML 2H powder patterns were generated using WSolids[68] and
simulations of the powder patterns in the IMR and FML were completed using EXPRESS.[69]
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CHAPTER 5
5.1 Rigid Benzo-Bis-Imidazolium [2]Rotaxane Shuttles which
Function as Colorimetric and Fluorescent Switches
5.1.1

Introduction
Rotaxanes are mechanically interlocked molecules (MIMs)[1,

2],

in which a

macrocyclic ring is encircled around a dumbbell-shaped molecular axle. If a single
macrocyclic wheel can interact with more than one possible recognition site on an axle, a
[2]rotaxane molecular shuttle[3] is created. The most advanced of these are bistable
[2]rotaxane molecular shuttles[4, 5], which can be switched between different translational
co-conformations by chemical[6-9], electrochemical[10-13], or photochemical[14-17] inputs.
Several very sophisticated examples of switchable molecular shuttles have previously been
reported in the literature[11, 15, 18], with the vast majority of these examples consisting of
large flexible systems. While these systems operate well in solution, the extended, flexible
nature hinders their implementation into condensed media, such as metal-organic
frameworks (MOFs), which requires systems with fewer degrees of freedom.
To this end, Loeb and co-workers have reported compact and rigid H-shaped
[2]rotaxane molecular shuttles[19,

20].

The synthetic protocol for this H-shaped system

utilizes a facile capping method with a benzimidazolium recognition site to produce
[2]rotaxane molecular shuttles which allowed eventual access to three different molecular
states through acid-base chemistry. These three different molecular states (neutral, monoprotonated and di-protonated) significantly affect the strength of the interaction between
the wheel and the two recognition sites on the axle, dramatically altering the shuttling rate.
While the H-shaped system serves as an ideal candidate for the incorporation and study of
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molecular shuttling inside metal-organic frameworks, the system did not exhibit any
significant change in its optical properties as a result of a structural change in the molecule.
While [2]rotaxane systems which function as optical switches have been previously
reported[7, 11, 21-23], the majority of these systems are based on variants of methyl viologen, in
addition to being large and flexible systems. While offering very good charge transfer
properties, methyl viologen is unstable in basic conditions[24, 25] and is not well suited to the
harsh conditions required for MOF chemistry. In an effort to create a compact, rigid, and
electron deficient recognition site with the potential for charge transfer, and circumvent the
stability issues, the benzo-bis-imidazolium[26] core was targeted as a potential replacement
for methyl viologen. Figure 5.1.1 demonstrates the similarities between the dicationic
benzo-bis-imidazolium core and the dicationic methyl viologen core extensively used in
MIM chemistry[27-29], in addition to the rigid biphenyl core commonly implemented into
ligands used for MOF chemistry[30-33].

Figure 5.1.1 – Structural similarities between methyl viologen (left), benzo-bis-imidazolium
(centre), and biphenyl (right).
Herein, we report a series of rigid benzo-bis-imidazolium based [2]rotaxane
shuttles, which can function as a colorimetric or fluorescent switch for the future
incorporation into metal-organic frameworks. Highlights of this work include: 1) the first
demonstration of ring closing metathesis around a benzimidazolium based axle, 2)
synthesis of compact and rigid [2]rotaxane molecular shuttles with optimal geometry for
incorporation into MOFs, 3) acid/base stable [2]rotaxane systems which upon
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protonation/deprotonation, function as a molecular switch resulting in a visible color
change or a change in fluorescence emission.
5.1.2

Results and Discussion
Scheme 5.1.1 outlines the synthetic protocol for all [2]rotaxanes produced and

studied in this work. Synthesis of axle 5-1 was accomplished through a one pot, double
condensation reaction[20, 34] of 1,2,4,5-benzenetetramine with two equivalents of diethyl-5formyl-isophthalate, in the presence of a catalytic amount of ZrCl4 (see experimental
Scheme 5.2.1). The diethyl-isophthalate terminal group of the axle was chosen for several
key advantages:

Scheme 5.1.1 – Synthesis of benzo-bis-imidazole [2]Rotaxanes, i) Grubbs’ 1st generation
catalyst, DCM/MeNO2 (10:1), 48h, 42°C ii) 10% Pd/C, H2, MeOH/THF, RT, 24 h
1) its ability to act as a stoppering group for 24-membered macrocycles[35], 2) the diethyl
ester groups aid in the solubility of the axle during the RCM reaction, 3) the electron
withdrawing nature renders the axle even more electron deficient and 4) hydrolysis of the
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ethyl esters forms isophthalate terminal ends, which are well known coordinating groups in
MOF chemistry[33,

36, 37].

Axle 5-1 can be easily protonated via HBF4·Et2O to form

diprotonated axle [5-1-H2]2+ as a BF4 salt, which acts as a good recognition site for a ring
closing metathesis (RCM) reaction[35], utilizing Grubbs I catalyst and a 24C6-based
macrocyclic precursor . While previous studies have shown that RCM is an efficient means
of clipping 24C6 based macrocycles around secondary ammonium [38], and anilinium-based
axles[35], this is the first example which utilizes a benzimidazolium recognition site. Axle [51-H2]2+ serves as an effective template for the synthesis of [2]rotaxanes with 24C6,
benzo[24]crown-6 (B24C6), and dimethoxybenzo[24]crown-6 (DMB24C6) macrocycles,
via the RCM reaction followed by subsequent hydrogenation of the remaining olefin with H2
over Pd/C. Fortunately, while there are two recognition sites on each axle, the RCM reaction
does not lead to formation of any [3]rotaxane by-products. This is presumably due to steric
constrains, which results in clean formation of [2]rotaxanes [5-1-H2⊂24C6][BF4]2, [5-1H2⊂B24C6][BF4]2, and [5-1-H2⊂DMB24C6][BF4]2 in good overall yield (47-55%).
Solution

1H

NMR spectroscopy proved to be a very useful tool for the

characterization of these new [2]rotaxane species, due to the simplistic nature of the 1H
NMR spectra (Figure 5.1.2). The protonated axle [5-1-H2]2+ results in only three aromatic
signals in addition to two resonances corresponding to the ethyl ester groups, while the NH
resonances are too broad to be observed in MeCN. Solution 1H NMR spectra of [2]rotaxane
[5-1-H2⊂24C6]2+ showed broadening of the NH and CH resonance b at room temperature
in MeCN. Variable temperature 1H NMR studies validated that the system was shuttling back
and forth between the two benzimidazolium recognition sites, and that the shuttling was
fast on the NMR timescale at room temperature, k = 976 s-1 (see experimental Figure
5.2.10). To determine the effect of changing to a non-polar solvent, the shuttling rate was
also determined in dichloromethane (DCM). The shuttling rate was significantly reduced to
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Figure 5.1.2 – 1H NMR spectra from top to bottom: axle [5-1-H2]2+, [2]rotaxane [5-1H2⊂24C6]2+, [2]rotaxane [5-1-H2⊂B24C6]2+, and [2]rotaxane [5-1-H2⊂DMB24C6]2+, in MeCNd3. For systems which are slow on the NMR timescale, the complexed peaks are identified with
prime, while the uncomplexed NH resonance is too broad to be observed.
the point at which the shuttling became slow on the NMR timescale and could be
determined using a room temperature 2D-EXSY experiment, k = 0.842 s-1.
Analysis of [2]rotaxane [5-1-H2⊂B24C6]2+ by solution 1H NMR spectroscopy
showed that the shuttling rate of this system was already slow on the NMR timescale in
MeCN. This change in rate can be attributed to the additional π-staking interactions from
the electron rich B24C6 macrocycle. The 1H NMR spectrum for [5-1-H2⊂B24C6]2+, shown in
Figure 5.1.2, shows two sets of peaks that can easily be assigned to the complexed and
uncomplexed axle resonances. The up-field shift of CH resonance a seems to result from πstacking with the catechol group of B24C6, while CH resonance b shows a downfield shift
corresponding to CH···O hydrogen bonding with the crown ether oxygen atoms. The
shuttling rate was determined by room temperature 2D-EXSY experiments in MeCN, as well
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as DCM, k = 5.29 s-1 and 0.101 s-1, respectively. Subsequent analysis of [2]rotaxane [5-1H2⊂DMB24C6]2+ by solution 1H NMR spectroscopy showed that the shuttling rate of this
system was also slow on the NMR timescale in MeCN and DCM. Room temperature 2D-EXSY
experiments resulted in shuttling rates of k = 5.06 s-1 and 0.065 s-1 in MeCN and DCM,
respectively. A summary of all the shuttling rates in MeCN and DCM can be found in Table
5.1.1. It can be seen from the table that the addition of the catechol group of macrocycle
B24C6 has a large influence on the shuttling rate compared to 24C6, while the addition of
electron donating methoxy groups to the catechol group in DMB24C6 only modestly affects
the shuttling rate.
Table 5.1.1 – Summary of shuttling rates for dicationic [2]rotaxanes in MeCN and DCM.
[2]Rotaxane

MeCN

DCM

k (s-1)

ΔG (kcal/mol)

k (s-1)

ΔG (kcal/mol)

[5-1-H2 ⊂ 24C6]2+

976

13.35

0.842

17.14

[5-1-H2 ⊂ B24C6]2+

5.29

16.05

0.101

18.39

[5-1-H2 ⊂ DMB24C6]2+

5.06

16.07

0.065

18.65

The single crystal X-ray structure of [5-1-H2⊂B24C6][BF4]2 is consistent with the
solution 1H NMR data and shows how the B24C6 macrocycle interacts with a single
benzimidazole recognition site and folds over the isophthalate stopper on the axle (Figure
5.1.3, left). The non-covalent interactions between the B24C6 macrocycle and the axle can
be identified as two strong NH···O hydrogen bonds (2.75 Å, ∠(NHO) = 157° and 2.76 Å,
∠(NHO) = 169°), two weaker CH···O interactions (3.48 Å, ∠(CHO) = 159° and 3.76 Å, ∠(CHO)
= 154°), N+···O ion-dipole interactions (3.06 Å – 3.72 Å) and π-stacking interactions between
the catechol group of the macrocycle and the isophthalate stopper, with an average distance
of 3.49 Å between the aromatic surfaces at an angle of 15o.
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The single crystal X-ray structures of [5-1-H2⊂DMB24C6][BF4]2 shows that the
DMB24C6 macrocycle adopts an identical conformation to B24C6, with subtle differences
(Figure 5.1.3, right). The non-covalent interactions between the DMB24C6 macrocycle and
the axle can be identified as two NH···O hydrogen bonds with slightly longer contacts than
B24C6 (2.82 Å, ∠(NHO) = 156° and 2.87 Å, ∠(NHO) = 157°), two CH···O interactions (3.53 Å,
∠(CHO) = 155° and 3.53 Å, ∠(CHO) = 157°), stronger N+···O ion-dipole interactions (2.86 Å –
3.6 Å) and stronger π-stacking interactions between the catechol group of the macrocycle
and the isophthalate stopper, with an average distance of 3.38 Å between the aromatic
surfaces and an angle of only 9o.

Figure 5.1.3 – Ball-and-stick representation of the single crystal X-ray structures of [5-1H2⊂B24C6][BF4]2 (left) and [5-1-H2⊂DMB24C6][BF4]2 (right), demonstrating the π-stacking
and NH···O and CH···O hydrogen bonding interactions shown in black dashed lines. C = black, N
= blue, O = red, Hydrogen = white, axle = gold bonds, wheel = silver bonds.
Facile neutralization of the dicationic [2]rotaxane species was accomplished by
stirring a DCM solution of the [2]rotaxane species with a saturated aqueous solution of
NaHCO3, see Scheme 5.1.1. The 1H NMR spectra of axle, 5-1, and [2]rotaxane species 51⊂24C6, 5-1⊂B24C6, 5-1⊂DMB24C6 can be seen in Figure 5.1.4. Neutralization of the
benzo-bis-imidazolium site results in anti/syn isomers of the benzo-bis-imidazole site due
to the relative position of the NH protons on the fused ring system. The major isomer is the
anti-isomer, however the relative ratio changes depending on the polarity of the solvent. In
contrast to the cationic [2]rotaxane species, the 1H NMR spectra in MeCN shows very little
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variation in chemical shifts between the axle and the three rotaxane species. This can be
attributed to the significantly weaker interactions between the 24C6, B24C6, and
DMB24C6 macrocycles and the neutral axle. In addition, significant downfield shifts of the
aromatic resonances of the B24C6 and DMB24C6 macrocycles can be attributed to a loss in
π-stacking. In an effort to determine the new shuttling rate in these neutral [2]rotaxane
systems, the solvent was changed to a non-polar, non-halogenated solvent (toluene) and
variable temperature 1H NMR were recorded. However, even at the relatively low
temperature of -70°C, the systems proved too fast to determine an accurate rate for
shuttling. This was further complicated by the presence of anti/syn tautomer signals in the
1H

NMR spectra.

Figure 5.1.4 – 1H NMR spectra from top to bottom: neutral axle 5-1 (DMSO-d6), and
[2]rotaxanes 5-1⊂24C6, 5-1⊂B24C6, and 5-1⊂DMB24C6, in MeCN-d3. The position of the NH
proton in the neutral species results in anti/syn tautomers, the minor isomer of which is
labeled with *.
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The loss in non-covalent interactions is further supported by looking at the solid
state X-ray crystal structures of 5-1⊂B24C6, and 5-1⊂DMB24C6 (Figure 5.1.5). In both
structures, the aromatic ring of the macrocycles is no longer π-stacking with the
isophthalate group, and is rotated close to 90° to become almost orthogonal to the axle. A
single hydrogen bonding interaction in which a single benzo-bis-imidazole NH sits between
the two oxygen atoms of the catechol ring remains in 5-1⊂B24C6 (NH···O (2.97/3.00 Å,
∠(NHO) = 147/143°), and 5-1⊂DMB24C6 (2.97/2.95 Å, ∠(NHO) = 132/155°).

Figure 5.1.5 – Ball-and-stick representations of the single crystal X-ray structures of 51⊂B24C6 (left) and 5-1⊂DMB24C6 (right), demonstrating the loss in π-stacking and a single
NH···O interaction remaining, shown in black dashed lines. C = black, N = blue, O = red,
Hydrogen = white, axle = gold bonds, wheel = silver bonds.
The significant structural changes observed upon protonation of rotaxane species 51⊂B24C6 and 5-1⊂DMB24C6 encouraged us to search for corresponding differences in the
molecules’ optical properties upon switching. While 5-1⊂24C6 and 5-1⊂B24C6 showed no
visible color change upon protonation, 5-1⊂DMB24C6 showed a change from colorless to
yellow upon protonation to [5-1-H2⊂DMB24C6]2+. Figure 5.1.6 shows vials containing
MeCN solutions of the six [2]rotaxane species at concentrations of 1.0x10-3; corresponding
UV-Vis spectra can be found in the experimental section. The yellow color of [5-1H2⊂DMB24C6]2+ in solution is a result of intramolecular charge transfer (ICT) between the
electron rich dimethoxycatechol group of DMB24C6 and the electron deficient axle [5-1194
References begin on page 224

Chapter 5
H]2+. This allows [2]rotaxane 5-1⊂DMB24C6 to function as a colorimetric switch. Upon
protonation, the DMB24C6 macrocycle changes its geometry to π-stack with the electron
deficient axle, resulting in an ICT and the yellow color, while deprotonation cause the
macrocycle to revert to its original non-stacked orientation, resulting in a colorless solution.
Interestingly, even though the two solid state structures of [5-1-H2⊂DMB24C6]2+ and [5-1H2⊂DMB24C6]2+ are almost identical, there is no visible color change when the macrocycle
is B24C6. It may be that ICT is still occurring, however, the B24C6 may not be electron rich
enough to shift the charge transfer band into the visible spectra.

Figure 5.1.6 – (top left) Vials containing 1.0x10-3 MeCN solutions of the six [2]rotaxane
species, [5-1-H2⊂24C6]2+, 5-1⊂24C6, [5-1-H2⊂B24C6]2+, 5-1⊂B24C6, [5-1-H2⊂DMB24C6]2+,
5-1⊂DMB24C6 under ambient lighting and (bottom left) excitation at 365nm, (right)
florescence titration curve showing quenching of [2]rotaxane species 5-1⊂DMB24C6 upon
additions of dilute acid (HBF4).
Considering that the benzo-bis-imidazolium core is a known fluorophore[39, 40], the
fluorescence properties of the six [2]rotaxane species were also investigated (Figure 5.1.6).
[2]Rotaxanes 5-1⊂24C6 and [5-1-H2⊂24C6]2+ were used as standards, as the naked axles
suffer from solubility issues due to aggregation, and as there is no aromatic group on the
24C6 macrocycle, it should not affect the inherent fluorescence of the axles. The
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measurement showed that dicationic [2]rotaxane [5-1-H2⊂24C6]2+ had the most intense
fluorescence spectrum (see experimental), with an absorption maximum at 360nm, while
the neutral species 5-1⊂24C6 exhibited much weaker fluorescence emission with the same
absorption maximum of 360nm.
Interestingly, [2]rotaxane [5-1-H2⊂B24C6]2+ shows no fluorescence emission,
indicating that the π-stacking interaction with the B24C6 macrocycle allows for electron
transfer, which quenches the inherent fluorescence of the axle. Upon deprotonation to form
[2]rotaxane 5-1⊂B24C6, the native fluorescence of the neutral axle is restored. This was
further verified via a titration curve of neutral [2]rotaxane 5-1⊂B24C6 with a dilute HBF4
solution (Figure 5.1.6). The titration curve shows significant quenching upon addition of 2.0
equivalents of HBF4, and complete quenching at 2.5 equivalents. This indicates that
[2]rotaxane species 5-1⊂B24C6 functions as a fluorescent switch, where upon protonation
the B24C6 changes conformation to π-stack with the electron deficient axle, resulting in
quenching of the inherent fluorescence, while subsequent deprotonation causes a loss in the
π-stacking interaction, turning the inherent fluorescence of the axle back on.
[2]Rotaxane species [5-1-H2⊂DMB24C6]2+ also exhibited quenching of the inherent
fluorescence of the axle; however, upon deprotonation to neutral species 5-1⊂DMB24C6
the inherent fluorescence of the axle did not return and exhibited the same quenching as the
protonated species. In this case, it is likely that the added methoxy substituents on the
DMB24C6 macrocycle allow for an alternative quenching mechanism and prevents this
species from functioning as a fluorescent switch.

5.1.3

Conclusion
In summary, a series of new rigid benzo-bis-imidazolium based [2]rotaxane

molecular shuttles were prepared using the first demonstration of ring closing metathesis
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around a benzimidazolium based axle. The template proved effective in the synthesis of
[2]rotaxanes with various macrocycles: 24C6, B24C6, and DMB24C6. All three systems
proved to function as molecular shuttles in their dicationic form, with [5-1-H2⊂24C6]2+
having the fastest shuttling rates of 976 s-1 and 0.842 s-1 in MeCN and DCM, respectively.
The shuttling rates were significantly slowed upon addition of the catechol ring in [5-1H2⊂B24C6]2+, with shuttling rates of 5.29 s-1 and 0.101 s-1 in MeCN and DCM, respectively.
In comparison, the addition of electron donating methoxy groups in [5-1-H2⊂DMB24C6]2+
only modestly increased the interaction between the axle and the macrocycle, leading to
shuttling rates of 5.06 s-1 and 0.065 s-1 in MeCN and DCM, respectively.
Treatment of the dicationic [2]rotaxane species with base resulted in formation of
neutral [2]rotaxane species 5-1⊂24C6, 5-1⊂B24C6, and 5-1⊂DMB24C6. While the
shuttling rates of these systems proved to be too fast to determine, the solid state structures
of 5-1⊂B24C6 and 5-1⊂DMB24C6 showed that the macrocycle has essentially rotated by
90° to eliminate the π-stacking interaction and has only a single NH···O hydrogen bond
remaining. Furthermore, spectroscopic analysis showed that [2]rotaxane systems 51⊂DMB24C6 functions as a colorimetric switch upon protonation to species [5-1H2⊂DMB24C6]2+, resulting in a change of orientation of the macrocycle, leading to
intramolecular charge transfer and a change in color from colorless to yellow in solution. In
contrast, while [2]rotaxane system 5-1⊂B24C6 does not function as a colorimetric switch it
does function as an effective florescent switch. Protonation of 5-1⊂B24C6 changes the
orientation of the macrocycle and leads to quenching of the inherent florescence of the axle.
The optimal geometry and the ability of 5-1⊂B24C6 and 5-1⊂DMB24C6 to change
their structure upon protonation and function as robust optical switches allows them to
serve as ideal candidates for the incorporation of interlocked optical switches into metalorganic frameworks.
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5.2

Experimental

5.2.1

General Comments

All chemicals were purchased from Aldrich and used as received. Deuterated solvents
were obtained from Cambridge Isotope Laboratories and used as received. Solvents were
dried using an Innovative Technologies Solvent Purification System. Thin layer
chromatography (TLC) was performed using Teledyne Silica gel 60 F254 plates and
viewed under UV light. Column chromatography was performed using Silicycle UltraPure Silica Gel (230 – 400 mesh). Flash column chromatography was performed using
Teledyne Ultra-Pure Silica/RP-C18 Silica Gel (230 – 400 mesh). 1H,

13

C, and all 2-D

NMR solution experiments were performed on a Brüker Avance 500 instrument, with
working frequencies of 500.1 MHz for 1 H nuclei and 125.7 MHz for

1 3 C.

Chemical shifts

are quoted in ppm relative to tetramethylsilane using the residual solvent peak as a
reference standard. High resolution mass spectrometry (HR-MS) experiments were
performed on a Micromass LCT electrospray ionization (ESI) time-of-flight (ToF) mass
spectrometer. Solutions with concentrations of 0.001 molar were prepared in methanol
and injected for analysis at a rate of 5µL/min using a syringe pump. All single crystal Xray data were collected on a Brüker D8 Venture diffractometer, equipped with a PHOTON
100 detector, Kappa goniometer, and collected using a Mo sealed tube source. Crystals
were frozen in paratone oil inside a cryoloop and reflection data were integrated using
APEX2 software.
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Scheme 5.2.1 – Synthetic steps involved in synthesis of Benzo-Bis-Imidazole [2]Rotaxanes
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5.2.2

Synthesis of 5-1

Figure 5.2.1 - Compound 5-1 (mixture of anti and syn tautomers)
1,2,4,5-Benzenetetramine tetrahydrochloride (1.5 g, 5.3 mmol) was added to degassed
anhydrous EtOH (375 mL) under an N2 atmosphere. To this solution, NaOH pellets (0.848 g,
21.2 mmol) were added and allowed to stir vigorously for 2.5h at room temperature. After
this time, diethyl-5-formyl-isophthalate[41] (2.65 g, 10.6 mmol) and a catalytic amount of
ZrCl4 (0.247 g, 1.06 mmol) were added and the temperature raised to 90 °C for 18h, after
which the nitrogen flow was stopped and the reaction allowed to reflux in air for a further
24 h. The reaction mixture was filtered hot, via vacuum filtration and rinsed with boiling
EtOH (500 mL). The filtrate was then allowed to cool to room temperature, resulting in
precipitation of the product (5-1), which was filtered off as a yellow solid; yield (1.2g, 38%).
MP Decomposition at 295 °C. 1H NMR (500 MHz, DMSO-d6): δ = 13.29/13.16 NH(s, 2H),
9.02/8.99 b/b’(s, 4H), 8.51 a/a’(s, 2H), 7.99/7.51 c’/c’’(s, 2H), 7.78 c(s, 2H), 4.44 d/d’(m,
8H), 1.42 e/e’(m, 12H) 13C NMR (125 MHz, DMSO-d6): δ = 165.0, 153.0, 131.9, 131.5, 131.0,
62.1, 14.7 HR-MS (ESI-ToF): Calculated for [M+H]+ [C32H31N4O8]+ m/z = 599.2136; found
m/z = 599.2146.
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5.2.3

Synthesis of [5-1-H2][BF4]2

Figure 5.2.2 - Compound [5-1-H2][BF4]2
5-1 (1.2 g, 2.0 mmol) was suspended in MeCN (200 mL) to which four equivalents of
HBF4·Et2O (1.30 g, 8.0 mmol) was added. The solvent was subsequently removed via a
rotary evaporator, the residue washed twice with Et2O (150 mL) to remove excess acid and
then filtered using DCM (100 mL), to yield a white solid (1.4g, 90%).MP Decomposition
>300 °C. 1H NMR (500 MHz, MeCN-d3): δ = 8.93 b(d, 4H, 4J = 1.5 Hz), 8.84 a(t, 2H, 4J = 1.5
Hz), 8.22 c(s, 2H), 4.49 d(q, 8H, 3J = 7.0 Hz), 1.46 e(t, 12H, 3J = 7.0 Hz). 13C NMR (125 MHz,
MeCN): δ = 165.1, 151.9, 135.2, 134.0, 133.6, 132.3, 124.9, 100.33, 63.2, 14.5. HR-MS (ESIToF): Calculated for [M+H]+ [C32H31N4O8]+ m/z = 599.2136; found m/z = 599.2146.
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5.2.4

Synthesis of [5-1-H2⊂24C6][BF4]2

Figure 5.2.3 - Compound [5-1-H2⊂24C6][BF4]2
Pentaethyleneglycol-dipent-4-enyl ether[38] (0.73 g 1.95 mmol) was dissolved in MeNO2 (25
mL) to which axle [5-1-H2][BF4]2 was added (1.0 g 1.3 mmol), followed by dry DCM (250
mL) under an N2 atmosphere. To this solution Grubbs I catalyst, RuCl2(=CHPh)(PCy3)2 (53
mg, 5 mol%) was added and the mixture was heated at 42°C for 48h; more catalyst was
added in 5 mol% portions over 48h for a total amount of 15 mol% catalyst. After 48h the
solvent was removed via a rotary evaporator and placed on a vacuum pump to remove any
residual solvent. The residue was washed twice with hexane (150 mL) to remove unreacted
macrocyclic precursor and placed on a pump once again to remove residual solvent. The
residue was then dissolved in MeCN (300 mL) to which two equivalents of HBF4·Et2O was
added to ensure complete protonation of the [2]rotaxane and unreacted axle. The solvent
was once again removed and the residue washed with Et2O (250 mL) to remove excess acid.
The solid was then dissolved in DCM (200 mL) and filtered through Celite to remove
unreacted axle [5-1-H2][BF4]2. The filtrate was then placed on a rotary evaporator to yield a
brown solid which was filtered using a small amount of EtOAc (15 mL) to yield a white
solid, [2]rotaxane as an E/Z mixture, (0.87g). The unhydrogenated product was
subsequently dissolved in a 2:1 mixture of MeOH:THF (150 mL) to which Pd/C 10wt% (82
mg) was added. A slight vacuum was applied to the reaction mixture until boiling of the
solvent was observed. The reaction vessel was flushed with H2, introduced via a balloon,
and the mixture stirred vigorously for 24 h under ambient conditions. The mixture was
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filtered through Celite and evaporated on a rotary evaporator to yield the product as a
white crystalline solid (800 mg, 55%). MP Decomposition at 225 °C. 1H NMR (500 MHz,
DCM-d2): δ = 14.06 complexed NH(s, 2H), 13.56 uncomplexed NH(broad s, 2H), 9.13 b/bˊ(s,
4H), 9.01 a(s, 1H), 8.99 aˊ (s, 1H), 8.67 c(s, 2H), 4.51 d/dˊ (q, 8H, 3J = 7.0 Hz), 4.0-3.42
f/g/h/i(m, 16H), 3.31 j(m, 4H), 2.87 k(m, 4H), 1.49 e/eˊ (t, 12H, 3J = 7.0 Hz), 1.15 l(m, 4H),
0.81 m/n(m, 6H & 2D). 13C NMR (125 MHz, DCM-d2): δ = 164.8, 164.5, 150.9, 150.4, 136.2,
135.6, 134.2, 133.9, 133.3, 133.0, 131.3, 131.1, 124.5, 122.8, 100.9, 72.6, 72.1, 71.9, 71.8,
71.3, 71.0, 62.9,62.9, 29.9, 28.1, 25.5, 14.8, 14.4. HR-MS (ESI-ToF): Calculated for [M+H]+
[C50H68N4O14]+2 m/z = 474.2360; found m/z = 474.2358 .
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5.2.5

Synthesis of 5-1⊂24C6

Figure 5.2.4 - Compound 5-1⊂24C6 (mixture of anti and syn tautomer’s)
[5-1-H2⊂24C6][BF4]2 (100 mg) was dissolved in DCM (10 mL) and was added to an aqueous
saturated sodium bicarbonate solution (5 mL) to form a heterogeneous mixture. The
mixture was stirred for 1h at room temperature after which the aqueous phase was
removed and the organic phase washed twice with H2O (5 mL). The organic phase was then
dried over MgSO4 and evaporated to yield 5-1⊂24C6, which was recrystallized from MeOH
to yield a white crystalline solid, yield (44 mg, 52%). MP Decomposition at 222 °C. 1H NMR
(500 MHz, MeCN-d3): δ = 11.85 NH(broad s, 2H), 9.13 b/bˊ (s, 4H), 8.62 a/a’(s, 2H), 7.88 c(s,
2H), 8.14/7.57 c’/c’’(s, 2H), 4.44 d/d’(m, 8H, 3J = 7.0 Hz), 3.50-3.3 f/f’/g/g’/h/h’/i/i’/j/j’
(m, 20H), 3.16 k/k’(m, 4H), 1.43 e/e’(t, 12H, 3J = 7.0 Hz), 1.37 l/l’(m, 4H), 1.13
m/m’/n/n’(m, 8H).

13C

NMR (125 MHz, MeCN-d3): δ = 166.2, 151.5, 151.2, 143.2, 133.9,

133.0, 132.6, 132.6, 131.2, 109.0, 100.4, 92.2, 71.9, 70.9, 70.5, 69.8, 62.5, 29.8, 29.6, 26.2,
14.6 HR-MS (ESI-TOF): Calculated for [M+H]+ [C50H68N4O14]+2 m/z = 474.2360; found m/z =
474.2358 .
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5.2.6

Synthesis of [5-1-H2⊂B24C6][BF4]2

Figure 5.2.5 - Compound [5-1-H2⊂B24C6][BF4]2
1,2-Bis-[3,6-dioxa-undec-10-enoxy]benzene[38] (0.163 g 0.387 mmol) was dissolved in
MeNO2 (5 mL) to which axle [5-1-H2][BF4]2 was added (0.2 g 0.258 mmol), followed dry
DCM (50 mL) under an N2 atmosphere. To this solution Grubbs I catalyst,
RuCl2(=CHPh)(PCy3)2 (11 mg, 5 mol%) was added and the mixture was heated at 42°C for
48h; more catalyst was added in 5 mol% portions over 48h for a total amount of 15 mol%
catalyst. After 48h the solvent was removed via a rotary evaporator and placed on a vacuum
pump to remove any residual solvent. The residue was washed twice with hexane (50 mL)
to remove unreacted macrocyclic precursor and placed on a pump once again to remove
residual solvent. The residue was then dissolved in MeCN (30 mL) to which two equivalents
of HBF4·Et2O was added to ensure complete protonation of the [2]rotaxane and unreacted
axle [5-1-H2][BF4]2. The solvent was once again removed and the residue washed with Et2O
(50 mL) to remove excess acid. The solid was then dissolved in DCM (50 mL) and filtered
through Celite to remove unreacted axle. The filtrate was then placed on a rotary
evaporator to yield a solid which was filtered using a small amount of EtOAc (5 mL) to yield
a yellow solid, [2]rotaxane as an E/Z mixture, (0.166 g). The E/Z mixture was subsequently
dissolved in a 2:1 mixture of MeOH:THF (30 mL) to which Pd/C 10wt% (15 mg) was added.
A slight vacuum was applied to the reaction mixture until boiling of the solvent was
observed. The reaction vessel was flushed with H2, introduced via a balloon, and the
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mixture stirred vigorously for 24 h under ambient conditions. The mixture was filtered
through Celite and evaporated on a rotary evaporator to yield the product as a yellow
crystalline solid (140 mg, 47%). MP Decomposition at 225 °C. 1H NMR (500 MHz, DCM-d2): δ
= 14.30 complexed NH(s, 2H), 13.50 uncomplexed NH(broad s, 2H), 9.09 b’(s, 2H, 4J = 1.5
Hz), 9.07 b(s, 2H, 4J = 1.5 Hz), 9.00 a(s, 1H, 4J = 1.5 Hz), 8.75 aˊ (s, 1H, 4J = 1.5 Hz), 8.55 c(s,
2H), 6.49 f/g(m, 4H), 4.51 d/dˊ (q, 8H, 3J = 7.0 Hz), 4.2-3.9 h/i/j/k(m, 16H), 3.57 l(m, 4H),
1.49 e/eˊ (t, 12H, 3J = 7.0 Hz), 1.23 m(m, 4H), 0.78 n/o(m, 8H). 13C NMR (125 MHz, DCM-d2):
δ = 164.6, 164.5, 150.5, 149.9, 147.8, 136.2, 135.2, 134.2, 133.4, 133.1, 132.9, 131.2, 131.1,
123.8, 122.7, 121.3, 113.2, 100.8, 73.2, 71.8, 71.4, 68.8, 63.0, 62.8, 30.5, 29.1, 26.3, 14.9, 14.4.
HR-MS (ESI-ToF): Calculated for [M+H]+ [C54H68N4O14]+2 m/z = 498.2360; found m/z =
498.2362.
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5.2.7

Synthesis of 5-1⊂B24C6

Figure 5.2.6 - Compound 5-1⊂B24C6 (mixture of anti and syn tautomer’s)
[5-1-H2⊂B24C6][BF4]2 (70 mg) was dissolved in DCM (10 mL) and was added to an aqueous
saturated sodium bicarbonate solution (5 mL) to form a heterogeneous mixture. The
mixture was stirred for 1h at room temperature after which the aqueous phase was
removed and the organic phase washed twice with H2O (5 mL). The organic phase was then
dried over MgSO4 and evaporated to yield 5-1⊂B24C6 , which was recrystallized from
MeOH to yield a white crystalline solid, yield (42 mg, 71%). MP Decomposition at 225 °C. 1H
NMR (500 MHz, MeCN-d3): δ = 11.88 NH(broad s, 2H), 9.08 b/bˊ (s, 4H), 8.51 a/a’(s, 2H),
7.82 c(s, 2H), 8.12/7.50 c’/c’’(s, 1H), 6.75 f/f’/g/g’(m, 4H), 4.37 d/d’(m, 8H, 3J = 7.0 Hz),
3.96 h/h’(m, 4H), 3.60 i/i’(m,4H), 3.33 j/j’/ k/k’/ l/l’ (m, 12H), m/m’ 1.42 (m, 4H), 1.38
e/e’(t, 12H, 3J = 7.0 Hz), 1.31 n/n’(m, 4H), 1.21 o/o’(m, 4H). 13C NMR (125 MHz, MeCN-d3): δ
= 166.2, 151.8, 148.4, 143.2, 133.9, 132.9, 132.5, 132.4, 131.2, 121.5, 112.5, 108.8, 100.2,
92.2, 71.8, 70.7, 69.6, 69.3, 68.4, 62.4, 29.9, 29.6, 26.2 14.6. HR-MS (ESI-ToF): Calculated for
[M+H]+ [C54H68N4O14]+2 m/z = 498.2360; found m/z = 498.2362.
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5.2.8

Synthesis of 1,2-bis-[3,6-dioxa-undec-10-enoxy]4,5-dimethoxybenzene

Figure 5.2.7 – Compound 1,2-bis-[3,6-dioxa-undec-10-enoxy]4,5-dimethoxybenzene
Anhydrous DMF (200 mL) was added to a dry three-neck round bottom flask, equipped
with a septum, condenser, vacuum adapter and a stir bar under a N2 atmosphere. To this
solution 4,5-dimethoxycatechol[42] (2.0 g, 11.75 mmol) was added and allowed to stir at
room temperature, followed by addition of six equivalents of CsCO3 (13.6 g, 70.5 mmol). To
this mixture, the tosylate alkylating agent[43] (7.72 g, 23.5 mmol) was added using a small
amount of DMF (10 mL), and the reaction was heated at 90°C for three days. Upon
completion of the reaction, the majority of the DMF was removed via a rotary evaporator,
followed by an extraction with ethyl acetate (200 mL), and washes with water (100 mL x 2)
and brine (100 mL x 1). The organic layer was then dried over MgSO4 and concentrated
down to a brown oil. The product was purified by column chromatography on silica using
Hexanes/EtOAc (1:1) to yield the product as a pale yellow oil (1.98g, 35%). Rf = 0.4 1H NMR
(500 MHz, MeCN-d3): δ = 6.67 b(s, 2H), 5.84 j(m, 2H), 4.95 k(m, 4H), 4.07 c(m, 4H), 3.74 a(s,
6H), 3.72 d(m, 4H), 3.61 e(m, 4H), 3.52 f(m, 4H), 3.42 g(m, 4H), 2.08 i(m, 4H), 1.61 h(m,
4H).

13C

NMR (125 MHz, MeCN-d3): δ = 144.7, 143.7, 139.5, 115.1, 104.5, 71.3, 71.1, 70.9,

70.6, 57.1, 31.0, 29.7 HR-MS (ESI-ToF): Calculated for [M+H]+ [C26H43O8]+ m/z = 483.2958;
found m/z = 483.2941.
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5.2.9

Synthesis of [5-1-H2⊂DMB24C6][BF4]2

Figure 5.2.8 - Compound [5-1-H2⊂DMB24C6][BF4]2
1,2-bis-[3,6-dioxa-undec-10-enoxy]4,5-dimethoxybenzene

(0.252g

0.524mmol)

was

dissolved in MeNO2 (5 mL) to which axle [5-1-H2][BF4]2 (0.27g 0.349mmol) was added,
followed by dry DCM (50 mL) under an N2 atmosphere. To this solution Grubbs I catalyst,
RuCl2(=CHPh)(PCy3)2 (15 mg, 5 mol%) was added and the mixture was heated at 42°C for
48h; more catalyst was added in 5 mol% portions over 48h for a total amount of 15 mol%
catalyst. After 48h the solvent was removed via a rotary evaporator and placed on a vacuum
pump to remove any residual solvent. The residue was washed twice with hexane (50 mL)
remove unreacted macrocyclic precursor and placed on a pump once again to remove
residual solvent. The residue was then dissolved in MeCN (30 mL) to which two equivalents
of HBF4·Et2O was added to ensure complete protonation of the [2]rotaxane and unreacted
axle. The solvent was once again removed and the residue washed with Et2O (50 mL) to
remove excess acid. The solid was then dissolved in DCM (50 mL) and filtered through
Celite to remove unreacted axle. The filtrate was then placed on a rotary evaporator to yield
a solid which was filtered using a small amount of EtOAc (5 mL) to yield an orange solid,
[2]rotaxane as an E/Z mixture, (0.250g). The E/Z mixture was subsequently dissolved in a
2:1 mixture of MeOH:THF (40 mL) to which Pd/C 10wt% (23 mg) was added. A slight
vacuum was applied to the reaction mixture until boiling of the solvent was observed. The
reaction vessel was flushed with D2, introduced via a balloon, and the mixture stirred
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vigorously for 24 h under ambient conditions. The mixture was filtered through Celite and
evaporated on a rotary evaporator to yield the product as a yellow crystalline solid (225 mg,
52%). MP Decomposition at 225 °C. 1H NMR (500 MHz, DCM-d2): δ = 14.24 complexed NH(s,
2H), 13.50 uncomplexed NH(broad s, 2H), 9.11 b’(s, 2H, 4J = 1.5 Hz), 9.06 b(s, 2H, 4J = 1.5
Hz), 9.00 a(s, 1H, 4J = 1.5 Hz), 8.84 aˊ (s, 1H, 4J = 1.5 Hz), 8.52 c(s, 2H), 6.09 g(s, 2H), 4.52
d/dˊ (q, 8H, 3J = 7.0 Hz), 4.2-3.8 h/i/j/k(m, 16H), 3.63 f(s, 6H), 3.55 l(m, 4H), 1.50 e/eˊ (t,
12H, 3J = 7.0 Hz), 1.24 m(m, 4H), 0.76 n/o(m, 6H & 2D).

13C

NMR (125 MHz, DCM-d2): δ =

164.7, 164.5, 150.7, 149.6, 143.2, 141.2, 136.1, 135.3, 134.2, 133.5, 133.2, 133.0, 131.2,
131.1, 124.0, 122.8, 100.8, 100.8, 73.3, 71.8, 71.5, 68.9, 62.9, 62.9, 57.0, 30.6, 28.5, 26.3, 14.8,
14.5 HR-MS (ESI-ToF): Calculated for [M+H]+ [C56H69D2N4O16]+ m/z = 1057.4985; found m/z
= 1057.4967.
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5.2.10 Synthesis of 5-1⊂DMB24C6

Figure 5.2.9 - Compound 5-1⊂DMB24C6 (mixture of anti and syn tautomer’s)
[5-1-H2⊂DMB24C6][BF4]2 (100 mg) was dissolved in DCM (10 mL) and was added to an
aqueous, saturated sodium bicarbonate solution (5 mL) to form a heterogeneous mixture.
The mixture was stirred for 1h at room temperature after which the aqueous phase was
removed and the organic phase washed twice with H2O (5 mL). The organic phase was then
dried over MgSO4 and evaporated to yield 5-1⊂DMB24C6 , which was recrystallized from
MeOH to yield a white crystalline solid, yield (62 mg, 72%). MP Decomposition at 225 °C. 1H
NMR (500 MHz, MeCN-d3): δ = 11.81 NH(broad s, 2H), 9.07 b/bˊ (s, 4H), 8.51 a/a’(s, 2H),
7.83 c(s, 2H), 8.13/7.50 c’/c’’(s, 1H), 6.40 g/g’(s, 2H), 4.39 d/d’(m, 8H, 3J = 7.0 Hz), 3.96
h/h’(m, 4H), 3.69 f/f’(s, 6H), 3.60 i/i’(m,4H), 3.43 j/j’/ k/k’(m, 8H), 3.34 l/l’(m, 4H), 1.39
e/e’(t, 12H, 3J = 7.0 Hz), 1.39 m/m’(m, 4H), 1.16 n/n’/o/o’(m, 6H and 2D).

13C

NMR (125

MHz, MeCN-d3): δ = 166.2, 151.8, 143.4, 143.2, 141.1, 133.9, 133.0, 132.6, 132.4, 131.1,
108.8, 101.2, 100.2, 92.1, 71.8, 70.8, 69.6, 69.4, 68.5, 62.4, 57.7, 29.9, 29.0, 26.1, 14.6. HR-MS
(ESI-ToF): Calculated for [M+H]+ [C56H69D2N4O16]+ m/z = 1057.4985; found m/z =
1057.4967.
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5.2.11 Determination of Shuttling Rates of [2]Rotaxanes

Variable temperature NMR experiment was applied to determine the shuttling rate. A
sample of 7 mg of rotaxane in 0.5 mL of solvent was prepared. 1H NMR were recorded on a
500 MHz spectrometer with a temperature range from -40 °C to +60 °C. Proton b was
selected to be used as the probe. Lineshape analysis was carried with the program gNMR.
Simulations were performed at 500 MHz with exchange between signals at 9.138 and 8.994
ppm assuming a Gaussian lineshape. A static line width of ca. 7.0 Hz was estimated from
measurements carried out at the lowest temperature. The values ΔG‡, ΔH‡ and ΔS‡ cab be
determined using Eyring equation.

Figure 5.2.10 – Section of the variable temperature- 1H NMR spectra (500 MHz in MeCN) of
[5-1-H2⊂24C6][BF4]2
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Figure 5.2.11 – Experimental and simulated variable temperature- 1H NMR spectra of [5-1H2⊂24C6][BF4]2
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Figure 5.2.12 – Eyring plot with trend line for the shuttling rates of [5-1-H2⊂24C6][BF4]2
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b) The rates of slow exchange shuttles were estimated by 2D-EXSY. Shuttling rates can be
obtained by using the equations shown below, where IAA and IBB are the diagonal peak
intensities and IAB and IBA are the cross-peak intensities. k is the sum of the forward, k1,
and backward, k-1, pseudo-first order rate constants for the shuttling process. k1 and k-1
are equal due to the identical stations and thus the observed pseudo-first order rate
constant, kobs, can be determined. By using a modified Eyring equation, the free energy of
activation, ΔG‡, can be determined. All 2D-EXSY spectra were recorded on a Bruker Avance
500 MHz NMR spectrometer at 2.0 mM, 298 K with τm = 500 ms.
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Figure 5.2.13 - 2D Exsy 1H NMR spectrum of [5-1-H2⊂24C6][BF4]2 (500 MHz in DCM)

Figure 5.2.14- 2D Exsy 1H NMR spectrum of [5-1-H2⊂B24C6][BF4]2 (500 MHz in DCM)
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Figure 5.2.15 - 2D Exsy 1H NMR spectrum of [5-1-H2⊂B24C6][BF4]2 (500 MHz in MeCN)

Figure 5.2.16 - 2D Exsy 1H NMR spectrum of [5-1-H2⊂DMB24C6][BF4]2 (500 MHz in DCM)
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Figure 5.2.17 - 2D Exsy 1H NMR spectrum of [5-1-H2⊂DMB24C6][BF4]2 (500 MHz in MeCN)

Table 5.2.1 – Summary of 2D Exsy Data for Dicationic [2]Rotaxane Species
Solvent

DCM

MeCN

DCM

MeCN

DCM

[2]Rotaxane

24C6

B24C6

B24C6

DMB24C6

DMB24C6

17816190

42548984

19698892

61472400

3292548

76196002

42295968

341319044

62872152

93323220

9378358

43552328

371511212

62180776

109921952

16222128

42438496

16123192

62006448

3292548

1.68

10.58

0.201

10.12

0.129

0.842

5.29

0.1

5.06

0.0648

17.14

16.05

18.39

16.07

18.65

AB
AA
BB
BA
kobs
k
ΔG
(kcal/mol)
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5.2.12 UV/VIS and Florescence Studies

Figure 5.2.18 – UV/VIS spectra of [2]rotaxane species (MeCN, 1.0 x 10-3 M)

Figure 5.2.19 – Florescence spectra of [2]rotaxane species (MeCN, 1.0 x 10-5 M, 360nm)
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5.2.13 Single Crystal X-ray Diffraction Studies

Table 5.2.2 - Crystal Data, Solution and Refinement Parameters for Compound
[5-1-H2⊂B24C6][BF4]·(MeCN)
CCDC number

***

V (Å3)

2956.9(9)

formula

C56H71B2F8N5O14

Z

2

formula weight

1211.79

, g cm-3

1.361

crystal system

Triclinic

(Abs. Coef.) mm-1

0.113

space group

P̅

reflections used

11232

T (K)

173(2)

parameters

788

a (Å)

11.9869(4)

restraints

0

b (Å)

15.2352(6)

R1 [I > 2 (I)][a]

0.0774

c (Å)

17.4565(6)

R1 (all data)

0.0933

 (o)

79.280(2)

R2w [I > 2 (I)][b]

0.2147

 (o)

80.321(2)

R2w (all data)

0.2325

 (o)

71.931(2)

GoF on F2

1.039

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +
(aP)2 + bP]-1 .
[a]

*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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Table 5.2.3 - Crystal Data, Solution and Refinement Parameters for Compound
[5-1-H2⊂DMB24C6][BF4]·(H2O)2
CCDC number

***

V (Å3)

11913(2)

formula

C56H71B2F8N4O17

Z

8

formula weight

1245.78

, g cm-3

1.389

crystal system

Monoclinic

(Abs. Coef.) mm-1

1.008

space group

C 2/c

reflections used

7476

T (K)

150(2)

parameters

798

a (Å)

16.701(6)

restraints

0

b (Å)

22.954(2)

R1 [I > 2 (I)][a]

0.0831

c (Å)

31.889(3)

R1 (all data)

0.0979

 (o)

90

R2w [I > 2 (I)][b]

0.2193

 (o)

102.967(5)

R2w (all data)

0.2371

 (o)

90

GoF on F2

0.890

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +
(aP)2 + bP]-1 .
[a]

*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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Table 5.2.4 - Crystal Data, Solution and Refinement Parameters for Compound
[5-1⊂B24C6]·(EtOH)3
CCDC number

***

V (Å3)

2929.4(4)

formula

C60H84N4O17

Z

2

formula weight

1133.31

, g cm-3

1.285

crystal system

Triclinic

(Abs. Coef.) mm-1

0.094

space group

P̅

reflections used

10279

T (K)

173(2)

parameters

734

a (Å)

8.5663(8)

restraints

0

b (Å)

14.285(2)

R1 [I > 2 (I)][a]

0.0703

c (Å)

24.678(2)

R1 (all data)

0.0974

 (o)

91.100(2)

R2w [I > 2 (I)][b]

0.1790

 (o)

91.015(2)

R2w (all data)

0.1982

 (o)

103.961(3)

GoF on F2

1.045

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +
(aP)2 + bP]-1 .
[a]

*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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Table 5.2.5 - Crystal Data, Solution and Refinement Parameters for Compound
[5-1⊂DMB24C6]·(EtOH)2
CCDC number

***

V (Å3)

6066.0(9)

formula

C60H74N4O18

Z

4

formula weight

1139.23

, g cm-3

1.247

crystal system

Monoclinic

(Abs. Coef.) mm-1

0.092

space group

P 21/n

reflections used

10690

T (K)

173(2)

parameters

739

a (Å)

28.652(2)

restraints

0

b (Å)

8.2008(7)

R1 [I > 2 (I)][a]

0.0812

c (Å)

29.429(2)

R1 (all data)

0.1629

 (o)

90

R2w [I > 2 (I)][b]

0.1951

 (o)

118.690(8)

R2w (all data)

0.2367

 (o)

90

GoF on F2

1.020

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +
(aP)2 + bP]-1 .
[a]

*** (Structure solution and refinement is complete, CCDC # will be obtained at a later date prior to
submission of the manuscript)
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6.1 Reversible Mechanical Protection – A Route to Previously
Unattainable Metal-Organic Frameworks
6.1.1

Introduction
The ability to design and synthesize metal-organic frameworks has attracted a lot of

attention in recent years, due to their potential applications for gas storage[1-6], chemical
separations[7-10], catalysis[11-13], sensing[14, 15], drug delivery[16, 17] and as a platform to study
molecular dynamics in the solid state[18-21]. The ability to chemically modify the organic
linker allows for the opportunity to alter the topology of the MOF obtained or modify the
internal structure while keeping the same MOF scaffold. A commonly used strategy in
chemical modification of organic linkers is elongation of linkers with identical terminal
coordination groups, in an effort to increase porosity and surface area[22-26]. However, linker
elongation commonly leads to two main complications: 1) decreased solubility of the
organic linker[27], and 2) increased risk of interpenetration by another lattice[22, 28, 29]. Both of
these factors can be detrimental, as decreased solubility of the linker can hinder or prevent
MOF formation, while interpenetration can lead to decreased void space and potentially less
surface area[23, 28, 29]. The addition of long alkyl/polyether chains to extended linkers has
been used to increase the linkers’ solubility[27]. However, these appendages can also hinder
MOF formation and ultimately take up room inside the framework. A few studies have also
used small chemical functionalities to prevent lattice interpenetration[23, 30] followed by
post-synthetic cleavage of the group to retain the MOFs’ potential void space[31-33].
Herein, we report a modification that involves addition of a 24-membered
polyether-based macrocycle around a linker, which serves to simultaneously increase the
solubility of the linker and prevents lattice interpenetration leading to formation of a novel
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cubic MOF (UWCM-2), followed by post-synthetic removal of the macrocycle from within
the framework using a ring opening metathesis reaction with Grubbs-Hoveyda II catalyst,
leading to a significant increase in void space.

6.1.2

Results and Discussion
Scheme 6.1.1 outlines the synthesis of all linkers used in this work. Linker H46-1

was synthesized via hydrolysis of compound [6-1-H2][BF4]2 by refluxing in a 3:2:1 mixture

[6-1-H2][BF4]2

[6-1-H2⊂24C6’][BF4]2
i

H46-1

H46-1⊂24C6’

Scheme 6.1.1 – Synthesis of BenzoBisImidazole linker H46-1 and [2]Rotaxanes linker H461⊂24C6’ i) Grubbs’ 1st generation catalyst, DCM/MeNO2 (10:1), 48h, 42°C ii) 2M NaOH,
MeOH/THF, 24 h, 81°C.
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of MeOH/THF/2M NaOH. Linker H46-1 was chosen because of its very poor solubility, its
incorporation of a benzo-bis-imidazolium site, which is a known recognition site for 24C6membered macrocycles (see chapter 5), and the presence of the terminal isophthalic acid
groups, which are large enough to act as stoppers to prevent unthreading of a 24-membered
macrocycle[34]. Linker H46-1⊂24C6’ was synthesized by closing a 24C6 macrocyclic
precursor around the dicationic axle [6-1-H2][BF4]2, using a ring closing metathesis reaction
facilitated by Grubbs I catalyst, followed by subsequent deprotonation and hydrolysis via
refluxing in a 3:2:1 mixture of MeOH/THF/2M NaOH.
All attempts to utilize H46-1 as a linker with CuII metal salts and various solvent
combinations failed to yield any type of MOF product, due to the very poor solubility of the
linker, regardless of synthetic conditions. Encircling of linker H46-1 with a macrocycle to
form H46-1⊂24C6’ greatly improved the solubility of the linker, presumably because the
macrocycle succeeds in preventing aggregation, in addition to the added solubility brought
on by the polyether chain. In this case, reaction of linker H46-1⊂24C6’ with Cu(NO3)2 under
similar reaction conditions attempted with the naked linker was successful in producing a
crystalline MOF. Combining linker H46-1⊂24C6’ with Cu(NO3)2 in a 2:1:1 mixture of
DEF/EtOH/H2O with two drops of HNO3 and heating at 85 °C for 48h in a temperaturecontrolled oven, resulted in formation of a green crystalline material designated as
University of Windsor Crystalline Material-2 (UWCM-2).
UWCM-2 has formula [Cu2(6-1⊂24C6’)(H2O)2]·(DEF)x and crystallizes in the cubic
space group Pm m with a unit cell length of 30.26 Å and a cell volume of 27,719 Å3. Figure
6.1.1 shows a view down the c-axis of the cubic structure, in which the macrocycles have
been placed in idealized positions, due to the rings being disordered with 50% occupancy
between the two imidazole units of the linker within the structure. The terminal
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isophthalate groups of linker 6-1⊂24C6’ bind to CuII centers to form dimeric paddlewheel
units, which self-assemble in cuboctahedral cages (nanoballs) consisting of 12 paddlewheel

Figure 6.1.1 – View down the c-axis of the cubic framework of UWCM-2, framework
represented in ball and stick, macrocycles placed in idealized positions in space filling with
non-hydrogen atoms colored red and hydrogen atoms in white. Section A displays how the Cu24
nanoballs are linked together via four [2]rotaxane linkers to form a column (macrocycles
omitted for clarity), Section B displays the Cu24 nanoball, Section C displays the cubic cavity
within the framework (macrocycles omitted for clarity), yellow spheres represent the potential
solvent accessible space within the structure, (axially coordinated water molecules omitted for
clarity) Cu = green, C = black, N = blue, O = red, Hydrogen = white, axle = gold bonds.
units comprising 24 CuII ions and 24 isophthalate groups, with an internal diameter of 15.9
Å between metal centers (Figure 6.1.1 B). Each nanoball unit is linked to six other nanoball
units in a perfectly cubic arrangement by columns consisting of four [2]rotaxane linkers to
satisfy the 24 possible connections (Figure 6.1.1 A). Within each column, the linkers are
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~8.8 Å apart, and the macrocycles are disordered in the structure with 50% occupancy.
However, due to steric constraints, the macrocycles must be organized in an alternating
arrangement within each column. This means that the macrocycles must be staggered in an
up/down arrangement within each column but not ordered throughout the crystal, as
displayed in Figure 6.1.1. The largest internal void within the structure is created between
the nanoball units and results in a large cubic cavity with an internal diameter of ~30 Å.
This cavity is partially occupied by the macrocycles of the [2]rotaxane linkers but has been
omitted for clarity in Figure 6.1.1 C.
The structure of UWCM-2 is unique in that while similar primitive cubic structures
have previously been reported with shorter flexible linkers containing terminal
isophthalate groups[35,

36],

elongation of comparable linkers resulted exclusively in

interpenetrated structures[37, 38]. The lack of interpenetration of UWCM-2 seems very likely
to be the result of the bulky 24-membered macrocycles which crowd the internal space in
the structure. This shows a significant advantage over direct covalent modification of a
linker to prevent interpenetration, as mechanical protection with a macrocycle does not
require any covalent bonds to be made or broken on the linker itself. In addition, the
macrocycle adds steric bulk 360° around the linker, as opposed to covalent attachment to a
planar phenyl ring, for example, which can simply rotate out of the way.
In an effort to determine the potential benefits of removing the macrocycles from
the structure post synthetically, in terms of added porosity and surface area, theoretical
BET calculations were performed with and without macrocycles present; the results are
summarized in Table 6.1.1. The calculations show that UWCM-2 with macrocycles included
has a potential surface area of 2135 m2/g and potential pore volume of 0.90 cc/g, while
calculations without the macrocycles more than doubles the potential pore volume (1.87
cc/g) and increases the surface area by 76% to 3760 m2/g.
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In an effort to post-synthetically remove the macrocyclic ring, the olefin bond on the
macrocycle resulting from the ring closing metathesis reaction was targeted as a reactive
site for removal of the macrocyclic wheel from the framework. While there are several
UWCM-2
(with macrocycles)

UWCM-2
(without macrocycles)

Density

0.69 g/cc

0.44 g/cc

Total Volume (1/rho)

1.45cc/g

2.27cc/g

2135 m2/g

3760 m2/g (76% larger)

0.90 cc/g

1.87 cc/g

62.4%

82.3%

Framework

Theoretical BET surface area
Pore Volume
Porosity

Table 6.1.1 – Theoretical BET values for UWCM-2 with and without macrocycles.
synthetic methods to cleave alkene bonds with oxidants, ring opening metathesis with a
catalyst would be the gentlest method of ring removal. In addition, previous studies have
shown that Grubb’s II catalysts can be used for ring closing and ring opening reactions with
24-membered macrocyclic rings around secondary ammonium-based axles[39]. In an effort
to replicate the solution chemistry within the free volume available inside the metal-organic
framework, Grubbs-Hoveyda II catalyst was utilized for its high chemical stability and
smaller size for diffusion within the framework[40]. All reactions at low temperatures, in
open vessels, failed to yield any ring removal, so reactions were conducted with higher
boiling solvents, such as dichloroethane (DCE) and toluene, in closed vessels under
pressure. Reactions performed in a thick-walled glass vessel, with a Teflon screw cap, in a
4.0 mmol solution of Grubbs Hoveyda II catalyst, in DCE, at 80 °C proved to yield the best
results in terms of ring removal and crystal quality after post-synthetic modification.
Reactions were monitored after post-synthetic modification by digestion of the MOF
framework in a DMSO-d6/NaOD/D2O mixture and analyzed by 1H NMR spectroscopy.
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Figure 6.1.2 – Line drawing representing the post-synthetic modification of UWCM-2 utilizing
Grubbs Hoveyda II catalyst, followed by the 500MHz 1H NMR spectra (DMSO-d6/NaOD/D2O) of
[2]rotaxane linker H46-1⊂24C6’, digested UWCM-2 after 2 h of exposure to Grubbs-Hoveyda
II catalyst in DCE at 80 °C, after 24 h of exposure, and the naked linker H46-1 respectively from
top to bottom.
Figure 6.1.2 displays the stack plot of the [2]rotaxane linker H46-1⊂24C6’, digested UWCM2 after 2 h of post-synthetic modification, after 24 h of exposure, and the naked linker H461. Before post-synthetic modification, only resonances corresponding to the [2]rotaxane
linker H46-1⊂24C6’ were observed in the

1H

NMR spectra. After 2 hours, peaks

corresponding to the naked axle begin to appear, and after 24 h, it was apparent that more
than 90% of the macrocycle had been removed from the framework as the predominant
resonances in the 1H NMR spectrum belonged to the naked linker. However, it should be
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noted that yields for the post-synthetic removal of the macrocycle seem to fluctuate
between 40-90%, and further studies will be needed to improve the consistency of this
reaction.
Analysis of UWCM-2 after >90% macrocycle removal by powder X-ray diffraction
(PXRD) showed that the material had retained its diffraction pattern with little change in
relative intensities (Figure 6.1.3). In addition, visual inspection of the crystals showed no
evidence of cracking or degradation after 24 h at 80 °C in DCE. However, degradation does
begin to be apparent as reaction times are increased to >24 h and at temperatures >80 °C.
Further studies on the gas absorption properties of UWCM-2 before and after postsynthetic ring removal are essential to prove porosity, but still need to be performed.

Figure 6.1.3 – Powder X-ray diffraction spectra of as-synthesized UWCM-2, simulated spectra
from the single crystal structure (below), and after post-synthetic ring removal (above), image
of crystals after post-synthetic ring removal.
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6.1.3

Conclusion
In summary, mechanically interlocking a 24-membered polyether-based macrocycle

around an organic linker: 1) drastically improved the linker’s solubility and allowed for
formation a novel cubic MOF (UWCM-2), which was not possible with the naked linker, 2)
acted to prevent interpenetration of the cubic framework, a feature that had been observed
previously for similar structures in the literature and 3) allowed for post-synthetic
modification with Grubbs-Hoveyda II catalyst, which removed the macrocycle, leaving the
MOF framework intact – generating a potentially high porosity MOF that was previously
inaccessible.

Cu(NO3)2

DEF/EtOH/H2O
o

85 C

Scheme 6.1.2 – Reversible Mechanical Protection
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The 24-membered macrocycle can be thought of as a protecting group which
simultaneously improves the linker’s solubility and adds steric bulk 360° around the linker.
Once the metal-organic framework is synthesized, the protecting group (macrocycle) can be
removed by post-synthetic modification utilizing Grubbs-Hoveyda II catalyst. This process
is outlined in Scheme 6.1.2 and is coined Reversible Mechanical Protection (RMP). This
process provides a method of linker modification which requires no covalent bonds to be
made or broken on the linker itself. It may be possible to apply this method to a variety of
organic linkers which possess a recognition site (benzimidazolium, anilinium or secondary
ammonium), and terminal groups large enough to prevent unthreading of the macrocycle,
and may lead the discovery of a variety of previously inaccessible metal-organic
frameworks.
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6.2

Experimental

6.2.1

General Comments

All chemicals were purchased from Aldrich and used as received. Deuterated solvents
were obtained from Cambridge Isotope Laboratories and used as received. Solvents were
dried using an Innovative Technologies Solvent Purification System. Thin layer
chromatography (TLC) was performed using Teledyne Silica gel 60 F254 plates and
viewed under UV light. Flash Column chromatography was performed using Silicycle
Ultra- Pure Silica Gel (230 – 400 mesh).

1H,

13

C, and all 2-D NMR solution

experiments were performed on a Brüker Avance 500 instrument, with working
frequencies of 500.1 MHz for 1 H nuclei and 125.7 MHz for

1 3 C.

Chemical shifts are

quoted in ppm relative to tetramethylsilane using the residual solvent peak as a reference
standard. High resolution mass spectrometry (HR-MS) experiments were performed on a
Micromass LCT electrospray ionization (ESI) time-of-flight (ToF) mass spectrometer.
Solutions with concentrations of 0.001 molar were prepared in methanol and injected for
analysis at a rate of 5µL/min using a syringe pump. All single crystal X-ray data were
collected on a Brüker D8 Venture diffractometer, equipped with a PHOTON 100 detector,
Kappa goniometer, and collected using a Cu high brilliance IμS microfocus source. Crystals
were frozen in paratone oil inside a cryoloop and reflection data were integrated using
APEX II software. Powder XRD measurements were recorded on a Brüker D8 Discover
diffractometer equipped with a GADDS 2D-detector and operated at 40 kV and 40 mA.
CuKα radiation (λ = 1.54187 Å) was used and the initial beam diameter was 0.5 mm.
Thermal gravimetric analyses were conducted on a Mettler Toledo TGA SDTA 851e
instrument. Helium (99.99%) was used to purge the system with a flow rate of 30 mL/min.
Samples were held at 25 °C for 30 min before heating up to 550 °C at 5 °C/min.
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6.2.2

Synthesis of H46-1

Figure 6.2.1 - Compound H46-1
[6-1-H2][BF4]2 (200 mg) was dissolved in a 3:2 mixture of MeOH/THF (100 mL) to which
2M NaOH (20 mL) was added. The solution was refluxed at 81 °C for 24 h after which the
non-aqueous solvent was removed with a rotary evaporator. To the remaining solution
distilled water (10 mL) was added and the solution was acidified dropwise with 1M HCl to
pH= 4 to yield a white precipitate. The solid was slowly filtered and washed with fresh
water and then Et2O several times and left to dry overnight. Yield (117 mg, 93%) MP
Decomposition >300 °C. HR-MS (ESI-TOF): Calculated for [M+H]+ [C24H15N4O8]+ m/z =
487.0884; found m/z = 1H NMR (500 MHz, DMSO-d6): δ = 13.20 NH(b, 2H), 9.02 b/b*(s, 4H),
8.53 a/a*(s, 2H), 7.78 c/c*/c**(s, 2H).

13C

NMR (500 MHz, DMSO-d6 + 1% HBF4·Et2O): δ =

165.9, 149.7, 133.5, 133.0, 132.4, 131.9, 125.5, 98.4.
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6.2.3

Synthesis of [6-1-H2⊂24C6’][BF4]2

Figure 6.2.2 - Compound [6-1-H2⊂24C6’][BF4]2
Pentaethyleneglycol-dipent-4-enyl ether2 (0.73 g 1.95 mmol) was dissolved in MeNO2 (25
mL) to which axle [6-1-H2][BF4]2 was added (1.0 g 1.3 mmol), followed by dry DCM (250
mL) under an N2 atmosphere. To this solution Grubbs I catalyst, RuCl2(=CHPh)(PCy3)2 (53
mg, 5 mol%) was added and the mixture was heated at 42°C for 48h; more catalyst was
added in 5 mol% portions over 48h for a total amount of 15 mol% catalyst. After 48h the
solvent was removed via a rotary evaporator and placed on a vacuum pump to remove any
residual solvent. The residue was washed twice with hexane (150 mL) to remove unreacted
macrocyclic precursor and placed on a pump once again to remove residual solvent. The
residue was then dissolved in MeCN (300 mL) of to which two equivalents of HBF4·Et2O
was added to ensure complete protonation of the [2]rotaxane and unreacted axle. The
solvent was once again removed and the residue washed with Et2O (250 mL) to remove
excess acid. The solid was then dissolved in DCM (200 mL) and filtered through Celite to
remove unreacted axle [6-1-H2][BF4]2. The filtrate was then placed on a rotary evaporator
to yield a brown solid which was filtered using a small amount of EtOAc (15 mL) to yield the
product, [2]rotaxane as an E/Z mixture, as a white solid (0.87g, 60%). MP Decomposition at
225 °C.
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1H

NMR (500 MHz, DCM-d2): (Major Isomer) δ = 14.20 complexed NH(s, 2H), 9.17 bˊ(s, 2H),

9.13 b(s, 2H), 9.01 a(s, 1H), 8.99 aˊ (s, 1H), 8.66 c(s, 2H), 4.70 n(m, 2H), 4.50 d/dˊ (q, 8H, 3J =
7.0 Hz), 4.0-3.3 f/g/h/i/j(m, 20H), 2.86 k(m, 4H), 1.70 m(m, 4H), 1.49 e/eˊ (t, 12H, 3J = 7.0
Hz), 1.15 l(m, 4H).

13C

NMR (125 MHz, DCM-d2): (Both Isomers) δ = 164.8, 164.5, 150.8,

150.3, 150.1, 136.1, 135.5, 134.2, 133.9, 133.8, 133.3, 133.2, 133.0, 131.4, 131.1, 131.0,
130.2, 129.6, 124.5, 122.9, 100.8, 100.7, 72.6, 72.0, 71.9, 71.7, 71.6, 71.5, 71.4, 71.2, 70.3,
70.2, 62.9, 62.8, 30.7, 29.2, 28.2, 24.5, 14.8, 14.4. HR-MS (ESI-ToF): Calculated for [M+H]+
[C50H66N4O14]+2 m/z = 473.2283; found m/z = 473.2277.
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6.2.4

Synthesis of H46-1⊂24C6’

Figure 6.2.3 - Compound H46-1⊂24C6’
[6-1-H2⊂24C6’][BF4]2 (700 mg) was dissolved in a 3:2 mixture of MeOH/THF (55 mL) to
which 2M NaOH (11 mL) was added. The solution was refluxed at 81 °C for 24 h after which
the non-aqueous solvent was removed with a rotary evaporator. To the remaining solution
distilled water (10 mL) was added and the solution was acidified dropwise with 1M HCl to
pH= 4 to yield a white precipitate. The solid was slowly filtered and washed with fresh
water and then Et2O several times and left to dry overnight. Yield (510 mg, 98%) MP
Decomposition at 225 °C. 1H NMR (500 MHz, DMSO-d6): (all isomers) δ = 12.73 NH(b, 2H),
9.07 b/b*(s, 4H), 8.53 a/a*(s, 2H), 7.78 c(s, 2H), 7.98/7.48 c*/c**(b, 2H), 5.39/5.27 l(s, 2H),
3.5 -3.3 d/e/f/g/h/i(m, 24H), 2.06/1.78 k(m, 4H), 1.52/1.44 j(m, 4H). 13C NMR (500 MHz,
DMSO-d6): (all isomers) δ = 166.5, 150.1, 141.7, 132.0, 131.7, 131.4, 130.3, 129.3, 105.4,
99.0, 92.8, 70.3, 70.0, 69.6, 69.2, 69.2, 68.0, 29.4, 28.3, 23.7. HR-MS (ESI-TOF): Calculated for
[M+H]+ [C42H49N4O14]+ m/z = 833.3245; found m/z = 833.3223.
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6.2.5

Synthesis of UWCM-2

H46-1⊂24C6’ (15 mg, 0.018 mmol) and Cu(NO3)2·3H2O (9.2 mg, 0.038 mmol) were dissolved
in a solution of DEF/EtOH/H2O (3 mL 2:1:1 v/v/v), to which 3 drops of HNO3 were added.
Upon addition of the acid the solution changed color from green to colorless. The solution
was then injected through a 13 mm syringe filter (0.2 μm PTFE membrane) into a 20 mL
borosilicate scintillation vial which was rinsed with deionized water and dried at 100 °C
prior to use. The vial was then placed in a programmable heating oven at a constant heating
rate of 1 °C min-1 to 85 °C, kept at that temperature for 24 h. A green crystalline product was
collected and washed with DEF several times to yield pure UMCM-2, with formula [Cu2(H461⊂24C6’)(H2O)2] ·xDMFxH2O (15 mg, 65% yeild).

Figure 6.2.4 – Variable temperature powder X-ray diffraction of as-synthesized UWCM-2
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Figure 6.2.5 – Thermogravimetric analysis (TGA) of EtOH exchanged UWCM-2
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6.2.6

Post-Synthetic Modification of UWCM-2

Immediately after crystallization of UWCM-2, while reaction mixture is still hot, crystals
were washed with fresh DEF (5 mL x 2) and left to stand overnight in DEF. After 24 h the
DEF was decanted and a 4.0 mmol solution of Grubbs Hoveyda Catalyst (6 mL) in dry
dichloroethane (DCE) was added under a nitrogen stream. The mixture was then
transferred to a thick walled glass tube and nitrogen gas was bubbled through the reaction
mixture for 20min. The thick walled glass tube was then closed with a Teflon screw on cap
and placed in a temperature controlled oven at 80 °C for 24 h. The synthesized material was
then washed with DEF and followed by EtOH prior to digestion with NaOD/DMSO-d6/D2O
or subjected to PXRD measurements.

Figure 6.2.6 – Images during the post-synthetic modification of UWCM-2
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6.2.7

Single Crystal X-ray Diffraction Studies

Table 6.2.1 - Crystal Data, Solution and Refinement Parameters for Compound UWCM-2
CCDC number

***

V (Å3)

27,719(6)

formula

C92H103Cu2N4O16

Z

12

formula weight

1647.86

, g cm-3

1.185

crystal system

Cubic

(Abs. Coef.) mm-1

0.523

space group

Pm m

reflections used

3749

T (K)

148(2)

parameters

230

a (Å)

30.264(2)

restraints

263

b (Å)

30.264(2)

R1 [I > 2 (I)][a]

0.1308

c (Å)

30.264(2)

R1 Squeeze

0.0971

 (o)

90

R1 (all data)

0.1433

 (o)

90

R2w [I > 2 (I)][b]

0.3281

 (o)

90

R2w Squeeze

0.2577

R2w (all data)

0.3365

GoF on F2

1.237

GoF Squeeze

0.919

[a]

R1 = ||Fo| - |Fc||  |Fo|; [b] R2w = [[w(Fo2 - Fc2)2] / [w(Fo2)2]]1/2 , [b]where w = q[2(Fo2) +

(aP)2 + bP]-1 .
*** (Structure solution is complete, CCDC # will be obtained at a later date prior to submission of the
manuscript)
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Chapter 7
7.1 Summary and Future Work
The focus of all the work in this dissertation has been directed at transferring the
exquisite dynamics and machine-like properties observed for mechanically interlocked
molecules (MIMs) in solution, into the organized and coherent world of crystalline solids by
incorporation into metal-organic frameworks (MOFs). Metal-organic frameworks are an
ideal platform for the incorporation and function of sophisticated mechanically interlocked
systems due to their high crystallinity and potential internal void space[1-5] required for the
molecular machinery to operate. The first one-periodic metal-organic rotaxane framework
was reported in 1996 by Kim and coworkers[6], and all work towards the incorporation of
rotaxane linkers into metal-organic frameworks since then has been outlined in Chapter
1[7]. In all of the materials reported since the inception of this concept, none of the materials
have demonstrated any actual dynamics related to large amplitude motion of the
interlocked macrocycle.
In Chapter 2, the first demonstration of large amplitude dynamic motion
corresponding to rapid rotation of the macrocyclic wheel component of an interlocked
molecule, inside a solid state material, UWDM-1(24), was reported[8]. A deuterium tag placed
on the macrocycles allowed for analysis of the material via variable temperature 2H SSNMR.
Experiments proved that a dense array of soft [24]crown-6 macrocycles were able to
rapidly rotate with a jump rate greater than 10 MHz and sample multiple conformations
while mechanically linked to the rigid three-periodic framework of the MOF. The success of
this work can be attributed to the five design criteria that were considered:
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1)

Metal nodes and linkers that would result in a neutral, 3-periodic, non-interpenetrated
framework, to maximize stability and allow for the porosity essential to create internal
space for the MIM to undergo uninhibited motion.

2)

Utilization of a permanently interlocked linker to ensure retention of the mechanical
link during the vigorous reaction conditions required to prepare the MOF.

3)

The ability to easily remove the initial (non-covalent) templating interactions that
were used to form the MIM in order to maximize the freedom of motion of the wheel
component.

4)

The interlocked linker was designed to be compact and rigid to minimize framework
flexibility and skeletal vibrations.

5)

The system was designed to utilize a characterization tool capable of unambiguously
characterizing the dynamics of the MIM components in the solid state.
This work was followed up by a more comprehensive study in Chapter 3, in which a

series of MIM linkers 7-22, 7-24, and 7-B24 were synthesized utilizing a RCM reaction
around the same anilinium-based axle with different sized macrocyclic rings, 22C6, 24C6,
and B24C6. In addition, a macrocycle free linker 2 was synthesized, and when combined
with CuII metal ions under identical synthetic conditions as those used to form UWDM-1(24),
was shown to form UWCM-1, a bcc-type MOF, consisting of CuII nanoballs linked in a unique
12-connected net. This demonstrated the effect the macrocyclic component has on the
rigidity of the linker, and ultimately, the topology of the MOF obtained. Fortunately, MOF
synthesis with MIM linkers 7-22, 7-24, and 7-B24 lead to an isomorphous series of MIM in
MOF materials UWDM-1(22), UWDM-1(24), and UWDM-1(B24) with various sized macrocycles.
This allowed for a platform to study the motion of different macrocyclic rings within the
same solid-state environment, via variable temperature 2H SSNMR. As demonstrated in the
previous chapter, three distinct motional modes exist in UWDM-1(24): two-site jump of CD2
groups, partial rotation of macrocyclic ring, followed by full rapid rotation of the 24membered ring, reaching the fast motion limit at 251, 324 and 423 K, respectively. Analysis
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of UWDM-1(22) by variable temperature 2H SSNMR showed the 22-membered ring reaches
the fast motion limit of the two-site jump and partial rotation at temperatures 67 and 100 K
higher than the 24-membered ring. This is consistent with increased hydrogen bonding
interactions between the 22-membered macrocyclic ring and the axle, resulting in a less
mobile system in the solid state, which does not undergo full rotation. In comparison,
analysis of UWDM-1(B24) by variable temperature 2H SSNMR showed no evidence of full or
partial rotation. This corresponds to the bulky benzo group of the macrocycle acting as a
molecular break when placed inside the MOF framework, preventing rotation of the
macrocycle inside UWDM-1(B24). Ultimately, an isomorphous series of MIM in MOF
materials was created in which each material exhibited different degrees of motion of the
macrocyclic rings.
Future work could be directed at studying the motion of larger ring systems, which
would require the synthesis of an axle with larger terminal stoppering/coordinating groups
and the synthesis of a MOF with increased void space. The interlocked molecular rotors
reported herein use thermal control to start and stop rotation of the macrocycles within the
framework. Future work could also be directed at the development of systems in which
rotation of the macrocycle can be controlled photochemically. Furthermore, the addition of
moiety with a strong dipole on the macrocycle could allow for control of the orientation of
macrocycles inside a metal-organic framework via the application of an applied electric
field[9] to create novel ferroelectric materials, and potentially, molecular based memory.
In Chapter 4, a new MIM linker LMIM was developed with terminal pyridine groups
and successfully implemented into robust MIM-pillared MOFs UWDM-2 and UWDM-3[10].
The two-periodic carboxylate-based layers in UWDM-2 utilize the longer ADC linker, and
resulted in a material with 3-fold interpenetration, that severely restricts the possible
motion of the 24C6 macrocycle. Analysis via variable temperature 2H SSNMR showed
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hindered motion, as two-site jumps of the CD2 groups and partial rotation motion did not
occur at rates in the FML, consistent with the constrained nature of the ring in this system.
Utilization of the shorter BPDC linker resulted in synthesis of UWDM-3, which exhibited
only 2-fold interpenetration and more void space in comparison to UWDM-2. Analysis of
UWDM-3 by VT-PXRD demonstrated that heating of the as synthesized material (α-UWDM3) results in a second, stable crystalline phase, β-UWDM-3. The new β-UWDM-3 phase can
be attributed to desolvation of the material, resulting in tilting of the internal pillaring strut,
which brings the carboxylate layers closer together and reduces the volume accessible for
solvent molecules. Analysis of α-UWDM-3 and β-UWDM-3 by variable temperature 2H
SSNMR showed that the change in layer spacing frees the crown ether from being trapped
inside the square grid of the framework in α-UWDM-3 and allows for thermally driven full
rotation of the macrocycle in β-UWDM-3, similar to previously reported for UWDM-1(24).
Most importantly, soaking of this material in solvent converts β-UWDM-3 back to
α-UWDM-3, demonstrating for the first time that the dynamic motion of a macrocyclic
wheel component of a MIM inside a MOF can be controlled by an external perturbation in
this case, via a reversible phase change of the material.
Future work related to Chapter 4 could be directed at the development of systems
with correlated motion. For example, different MIM linkers with inherently different
rotation rates could be combined within one material and tested for changes in their
dynamics. In addition, other molecular machinery that responded to external perturbation,
such as light[11, 12] could be combined with MIM systems inside a MOF to construct materials
capable of correlated motion and ultimately create functional molecular machines that can
be controlled inside a crystalline solid-state material.
Chapter 5 was directed at the synthesis of a series of rigid benzo-bis-imidazolium
based [2]rotaxane shuttles, which could function as a colorimetric or fluorescent switch for
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the future incorporation into metal-organic frameworks. A series of rigid benzo-bisimidazolium based [2]rotaxane molecular shuttles were prepared using the first
demonstration of ring closing metathesis around a benzimidazolium based axle. The
template proved effective in the synthesis of [2]rotaxanes with various macrocycles: 24C6,
B24C6, and DMB24C6. All three systems proved to function as molecular shuttles in their
dicationic form, with shuttling rates being fastest for [5-1-H2⊂24C6]2+, followed by [5-1H2⊂B24C6]2+, and [5-1-H2⊂DMB24C6]2+. Treatment of the dicationic [2]rotaxane species
with base resulted in formation of neutral [2]rotaxane species 5-1⊂24C6, 5-1⊂B24C6 and
5-1⊂DMB24C6, with shuttling rates that were too fast to be determined by standard NMR
techniques. [2]Rotaxane species 5-1⊂DMB24C6 was shown to function as a colorimetric
switch upon protonation to species [5-1-H2⊂DMB24C6]2+, resulting in a change of
orientation of the macrocycle and a change in color from colorless to yellow in solution. In
contrast, [2]rotaxane system 5-1⊂B24C6 did not function as a colorimetric switch but did
function as an effective florescent switch. Protonation of 5-1⊂B24C6, changes the
orientation of the macrocycle and leads to quenching of the inherent florescence of the axle.
The ability of 5-1⊂B24C6 and 5-1⊂DMB24C6 to change their structure upon protonation
and function as robust optical switches, in addition to their optimal geometry, allows them
to serve as ideal candidates for the future incorporation of interlocked optical switches into
metal-organic frameworks.
A few select examples in the literature have shown that the macrocyclic wheel of a
[2]rotaxane can work to alter the chemical reactivity of an interlocked axle in frustrated
Lewis pair (FLP) chemistry[13], significantly improve the chemical stability of an interlocked
axle, which is also a strong organic dye[14, 15], and inhibit aggregation[16, 17] in comparison to
the naked axle in solution. With the goal of transferring these concepts to the preparation of
MOFs, Chapter 6 outlines a route to previously unattainable metal-organic framework
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structures. Attempts to prepare a MOF using the naked benzo-bis-imidazolium linker H46-1
failed under various standard solvothermal conditions; this was attributed to the very poor
solubility of the linker. Mechanically interlocking a 24-membered polyether-based
macrocycle around H46-1 via ring closing metathesis created [2]rotaxane linker H461⊂24C6’. With this new protected linker, solvothermal synthesis resulted in the formation
of a novel non-interpenetrated cubic MOF, UWCM-2. The 24-membered macrocycle can be
thought of as a protecting group which simultaneously improves the linker’s solubility and
adds steric bulk 360° around the linker, which in this case prevents interpenetration of the
cubic framework, a feature that had been observed previously for similar structures in the
literature[18, 19]. Furthermore, post-synthetic modification of UWCM-2 demonstrates that the
protecting group (macrocycle) can be removed by utilizing Grubbs-Hoveyda II catalyst,
leaving the MOF framework intact – generating a potentially high porosity MOF not
accessible by any other synthetic protocol. This process provides a method of linker
modification which requires no covalent bonds to be made or broken on the linker itself and
is coined Reversible Mechanical Protection (RMP).
Future work will focus on improving the consistency of post-synthetic ring removal
in UWCM-2 and performing gas absorption measurements before and after post-synthetic
ring removal. It should be possible to apply the process of Reversible Mechanical Protection
to a variety of organic linkers which possess a recognition site (benzimidazolium, anilinium
or secondary ammonium) and large enough terminal groups to prevent unthreading of the
macrocycle. This may lead to the discovery of a variety of previously inaccessible metalorganic frameworks, and ultimately useful new materials.
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